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Background 



Silvcrbrook's biiithic Mcmjet™ printhcads are the target printheads for printing systems 
which will be controlled by SoPEC and MoPEC devices. 

This document presents the format and structure of these printheads, and describes the 
their possible arrangements in the taiget systems. It also defines a set of ternis used to dif- 
ferentiate between the types of printheads and the systems which use them. 



Currently, this document is only concerned with the structure of the printhcads and their 
systems, with regard to the way in whidi dot data is loaded. 

Refer to the Biiithic Printhead Specification [1] for the complete description of the func* 
tionalhy of these devices. 

This document relies on certain dejQnitions and details presented in Biiithic Printhead 
Specification [1]. 



It is intended that this document be used as a reference for engineers involved in the 
design work on the SoPEC and MoPEC projects. 



1,1 



Companion Documents 



1.2 



Readership 
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BiLiTHic Printhead 
Configurations 
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2 Definitions 

This document presents terminology and definitions used to describe the bilithic printhead 
systems. These terms and definitions are as follows: n 

• Pripthp^tf TVpp - There are 3 parameters which define the type of printhead used in a 
system: 

• Direction of the data flow through the printhead (clockwise or anti-clockwise, with 
the printhead shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to ). 

• Printhead footprint (type A or type B, characterized by the data pin being on the left 
or die right of where K*. is at the top of the printhead). 

• Printhead Airangement - Even though there are 8 printhead types, each arrangement 

has to use a specific pairing of printheads, as discussed in Section 3. This gives 4 
pairs of printheads. However, because the paper can flow m either direction with 
respect to the printheads, there are a total of eight possible arrangements, c.g. 
Anangement 1 has a Type 0 printhead on the left with respect to the paper flow, and 
a Type 1 printhead on the right. Arrangement 2 uses the same printhead pair as 
Arrangement 1, but the paper flows in the opposite direction. 

• Color 0 is always the first color plane encountered by the paper. 

• PotQ is defined as the nozzle which can print a dot in the left-most side of the page. 

• The Even Plane of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout tHis docimient, where the various printheads and systems are pre- 
sented, the printheads always shoot ink down onto the page. 

Figure 1 shows the 8 different possible printhead types. Type 0 is identical to the Right 
Printhead presented in Figure 3 in [1], and Type 1 is the same as the Left Printhead as 
defined in [1]. 
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While the primheads shown in Figure 1 look to be of equal mdth (having the same number 
of nozzles) it is important to remember that in a typical system, a pair of unequal sized 
print heads may be used 
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Type 6 printhead Type 7 printhead 

Rgure 1. Printhead lypes 0 to 7 

Table 1 defines the printhead pairing and location of the each printhead type, with respect 
to the flow of paper, for the 8 possible arrangements. 



Table 1, Definition of the different printhead arrangements 









Arrangement 1 
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Arrangement 2 
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3 Bilithic Printhead Systems 

When using the bilithic printheads, the position of the power/gnd bars coupled with the 
physical footprint of the printheads mean that we must use a specific pairing of printhcads 
together for printing on the same side of an A4 (or wider) page, e.g. we must always use a 
TVpe 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of print- 
heads, this document only presents two of them. Arrangement 1 and Arrangement 2, for 
purposes of illustration. These two arrangements are discussed in subsequent sections of 
this document However, the other 6 possibilities also need to be considered. 

The main difference between the two printhead arrangements discussed in this document 
is the direction of the paper flow. Because of this, the dot data has to be loaded differently 
in Arrangement 1 compared to Airangonoit 2, in order to render the page correctly. 
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3.1 Example 1 : Printhead Arrangement 1 

Figure 2 shows an Arrangement 1 printing setup, where the bilithic printheads are 
airanged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is on the right. 
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The printheads are facing downwards. 
The ink is being shot down onto the page. Direction 

of Paper Flow 



Figure 2. Identification of printheads nozzles and shift-register sequences for 
printheads in Arrangement 1 
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Table 2 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color 0-dot 0 appears on the left side of the printed page. 

Table 2. Order in which the even and odd dots are loaded for printhead Arrangement 









Odd 


Loaded second in 
descending order. 


Loaded first in 
descending order. 


Even 


Loaded first in 
ascending order. 


Loaded second in 
ascending order. 



Figure 3 shows how the dot data is demultiplexed within the printheads. 
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Figure 3. Demultiplexing of data within the prlntheads In Arrangement 1 

Figure 4 and Figure 5 show the way in which Ihe dot data needs to be loaded into the print- 
heads in Arrangement 1, to ensure that color 0-dbt 0 appears on the left side of the printed 
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Figure 4. Signalling for a Type 0 printhead in Arrangement 1 



Data[0] 



Figure 5. Signalling for a Type 1 printhead fn Arrangement 1 
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3.2 Example 2: Printhead Arrangement 2 

Figure 6 shows an Arrangement 2 printing setup, where the bilithic printhcads are 
arranged as follows: 

• The Type 1 printhead is on the left with respect to the direction of the paper flow. 

• The Type 0 printhead is on the right. 



The printheads are facing downwards. 
The ink is being shot down onto the page. 
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Figure 6. Identification of printheads nozzles and shift-reglster sequences for 
printheads in Arrangement 2 
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Table 3 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color 0-dot 0 appears on the left side of the printed page. 

Table 3. Order in which the even and odd dots are loaded for prfnthead Arrangement 









Odd 


Loaded first in 
descending order 


Loaded second in 
descending order. 


Even 


Loaded second in 
ascending order. 


Loaded first In 
ascending order. 



Figure 7 shows how the dot data is demultiplexed within the printheads. 
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Figure 7. OemulUplexing of data within the printheads in Arrangement 2 

Figure 8 and Figure 9 show the way in which the dot data needs to be loaded into the print- 
heads In Arrangement 2, to ensure that color 0-dot 0 appears on the left side of the printed 
page. 
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Figure 8. Signalling for a Type 0 prfnthead in Arrangement 2 
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Figure 9. Signalling for a Type 1 printhead in Arrangement 2 
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3.3 Conclusions 



Comparing the signalling diagrams for Arrangement 1 with those shown for Airangement 
2, it can be seen that the color/dot sequence output for a printhead type in Arrangement 1 
is the reverse of the sequence for same printhead in Arrangement 2 in terms of the order in 
which the color plane data is output, as well as whether even or odd data is output first. 
However, the order within a color plane remains the same, i.e. odd descending, even 
ascending. 

From Figure 10 and Table 4, it can be seen that the plane which has to be loaded first (i.e. 
even or odd) depends on die airangement Also, the order in which the dots have to be 
loaded (e.g. even ascending or descending etc.) is dependent on the arrangement 

If the device controlling the printheads can re-order the bits according to the following cri- 
teria, then it should be able to operate in all the possible printhead arrangements: 

• Be able to ou^ut the even or odd plane first 

• Be able to output even and odd planes in either ascending or descending order, inde- 
pendently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to 
the printhead. 
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Figure 10. All 8 Printhead Arrangements 
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Table 4. Order In which even and odd dots and planes are loaded Into the various 
printhead arrangements 







^^RfgfTt}!?^^ 


Arrangement 1 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


An-angement 2 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 


Arrangement 3 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded fvst 
Odd ascending loaded second 


Arrangement 4 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 5 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 6 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 7 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 8 


Odd descending loaded first 
Even ascending loaded second 


Even ascending loaded first 
Odd descending loaded second 
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Bi-lithic Printhead Specification 



1.0 Basic Requirements 

- • *y..^A of A4/Letter portrait width to print a page in 2 seconds. 
To create a two part printhead. of ^ J^^^ P°^tj^ up this length facUitat- 

by "Stitching" reticle images. 

THe memie. no^e. have a hort^uJ^cK^f 32^^^^^^ 
ketas 1600 dpi. 

nozzle of the left chip for the same color row. There 
same colour) scheme employed. 

1.1 Power Supply 

VddA.posandGroundsupplyismjuiett.ouJ^^^^^^ 

i^r tS^ length of the chips, but this will be revisited). 
1.2 MEMS cells 

e mn^Tofenerev to foe, with a pulse of current for 

during this pulse. 
1.2.1 ISSUE!!! 

PC. . pages per 2 seco«^ or-300 -;«f ^^^tSl'n^^rfik^^e'^T^ 

?ri^'s:^^,We«4^-S^^^^^^ 
ite«T^< U about 8 Amperes if H nozzle fire. 

T^«is8 An^isforora, . coW ,6A • 6 colour. -96 A for .U colours. 

Ho.u^yco.ou..cou,.p™-a^a^.u.=.C5^~-^ 

ours at the time are required, to create map cot ^ ^ <,f i„fiaRed iiJi, 

^u.4).ButtJefix,*^i*^^ 

?St"':r'rno*fCea»P«*esamepoi««.he«^^ 



1.2.2 64uin unit cell height 

This cell would have 4 line spacing 
between adjacent colours. 



between the odd and even dots, and 8 line spacing 



1 23 80 um unit cell height 

TKis ceU wouldhave 5 ^ spacing odd „a«c«do«. and .0 linespacing 

between adjacent colours. 

1.3 Versions 

1.3.1 6 Colour 1600 dpi with 64 um unit cell 

Left and Right Chip. This version wiU not be prototyped. 

1.3.2 6 Colour 160Q dpi with 80 um unit ceU 

Left and Right Chip. 

13.3 4 Colour 800 dpi with 80 um unit ceU 

For camera application. Single nozzle row per colour. 

This version will not be prototyped. 

1.4 Air Supply 

AirmustbesuppliedtotheMEMSregion through holes in the chip. 

2.0 Head Sizes 

TABLE 1. He ad Combinations 
Left Head 

Nozzles per Colour 
11160 




Bi 
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wS^out, manages to avoid this set, without any loses. 

3.0 Interface 



TABLE 2. I/O plus 



Name 
italO-lJ 



VO 



atoLlO-l] 



Fuoction ^mmon 

(DataL the complementary signal). colonrs[0-21 on 
DatatO], colour[3>5] onData[ll 



Feedback for CMOS testing (LSyncL«l, ReadU^) 
2indiLSyncL^,ReadD=0) 
[0]- nozzle test result 
[1]- temperature 



Max 
Speed] 
(MFfa)) 

300 



Feedback for CMOS testing (LSyncL^h ReadL^) 
and {LSyncL^. ReadD=0) 
[0] - nozzle test result 
1] - temperature 



SrClk 



SrClkL 



ReadL 



FrCIk 



ncL 



Dot data shift clock using Differential Signalling 
(SiClkL the complementary signal) 



complementary signal of SiClk 



bata[0-l]/DataL[0-l] in output mode (driving non^f- jYes 
ferential) 



Yes 



Pulse Profile for all colours 



Yes 



600° 



" 0 - Capture dot data for next print line 

b. 300 MHz clock, so edges are 600 Mhz rate ^ 
c 1 MHz cycle, but the resolution of the mark/space nmo may require 50 ns. 
A 10 kHz cycle, with tninimum low pulse of 10 ns (no maxunum). 
controller (SOPEC). 



0.1* 
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3.1 Dot firing 

To fire a nozzle, tiiree signals are 
signals are high, the nozzle wUl fire 

FIGURE 1. Print head structure 



need. A dot data, a fire signal, and a profile. When all 




. . J- Hnt Shift reaister with input Daia[x], 

Tl.edotdataisptovidetotijech.p^^^^ 

and clocked into the chip with -SrC/fc The dot oa ^ ^ 

as Dot[0-2J on DatafOJ, and Dot[3-5J on D^\^^J.^^^^^, ^ few pulse in 

dot shift register, tlus data - ^,^*^,^,?Sta to fire the nozzle. The use 

LsyncL. The value in the dot latch fo^T^^^* i^^ded into the dot shift register. 

dot latch allows the next ^^^f.^'fj^^^^^fired. 
at the same time the dot pattern in the flot latch IS oee 

• • i')«n77lp<: 2 of each colour (odd ana 
i^^k one register bi. in c«a. dnecto flow. 
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FIGURE 2. Column Structure 




SrCIko 

Dotra 



Dot[1] 
SrCIki 



DotfO] 
SrCtko 



T^e select reg.sUrfon«U»^-e^H««e^;,t^XSS^^^^^ 

selects the reverse direction fire register 

whole colour row at the same tune (with a sUgm prop 8 
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3.2 Dot Shift Register Orientation 



3.2 Dot smii n-isg"**-' . , . 




1 Paper Movement 



n-1 
n-3 



5 31 




Section A-A Through Even nozzles 




n-2 n-6 
n " ^ 



in-2 ia-6 



n-r^ — — n 




Tift Print Head - 



" Right Print Head - m noza« 



• J - c#«.!n«s will need to provided. 
With Uus mapping, <>« t<Mo«^ ^ 

,>aC..^..»« ---"-«^'<-"'"'-^ -^5^^ 

Left Head 



, . , do t order 

1*-^^ * — T — r.^.^ CAQ^ i;iiQ^ 1 line y 
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4080 



J:7 14080 



n 3 5.....4075.4077.4079.1 line )rA 

S;o4:4076W2:a^^ 

H 1 r».^."-' _ , ^ - - A -5 OHine V 1 



^?r3i;3907,6909.6911.1 toe y+5| 



8328 



9744 



7773553,8325.8327,1 line y+5| 
[8326,8324^322^^^^ 

kV>.;o-7dnq'>38 .4.2.01 lmey_ I 



pulses (and 3L+1 rising edges). ^ 



FIGURE 4. Data Timing Daring Printing 




3.3 Fir. Sb.« Register „^.„^.«mofrsU>» 

that(4800A)» ^..oMnaU 
FIGURE 5. Print quaUty 




*H«twlth.Uzero'8lnthef.«selectshlftregi5ter 
a) Printing every it" dot witn »u ^ 



CjCCCCXXXXXXXXXXX) 



OCOCOODCOCOOOCXX: 



b) Printing every dot with 



all one's in the Ore select shift register 



^^^^.^^^QQOOOOOOooocxxxxocxxxx: 



c) Printing every «* dot virith « ; 



ap of nozzle at the same time stardng 



This is done by firing 2 nozzles in eve^ 2n group o^n ^^^^ 
outer 2 nozzles ^^^ng ^ ^t^^^ffiTraTe cU^^^^ by FrClk. 



wotog towards the outer two) at the fire rate - 
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To achieve this fire pattern the fire shift register and select shift register need to 
be set up as show in Figure 6. 



FIGURE 6. Fire and Select Shift Register setup for printing 



• *0000000 OOOlllllll-.-. 1110000000.- ..0001111111 111 select sbi£t rog 



1 fix© sbift 



The pattern has shifted a * 1' into the fire shift register eveiy rf^ positions (where n is 
usually is a minimum of about 100) and n'Vs, followed n *0's in the select shift 
register. At a start of a print cycle, these patterns need to be aligned as above, with the 
"1000..." of a forward half of fire shift register, matching an n grouping of *r or 
*0's in the select shift register. As well, with the "1000..." of a reverse half of the 
fire shift register, matching an n grouping of *r or 'O's in the select shift regis- 
ter. And to continue this print pattern across the butt ends of the chips, the select 
shift register in each should end with a complete block of n * Ts (or *0's). 

FIGURE 7. Fire Pattern across butt end of Print Chips 



.1110000000. . . .0001111111. . . *iii 
Z.e£t Pz-int Read Flre/8elect 



1^ tl^ lfiSSfeti^ 

1111111. . . .1110000000 . . . .0001111111 
Right Print Head Fire/Select SR 



Since the two chips can be of different lengths, it makes initialisation of these pattern 
difiicuh. This is solved by building initialisation circuitry into chips. This circuit is 
controlled by to registers, nlen(14) and count(14) and b(1). These registers are 
loaded serially through Data[0]^ while LSyncL is low, and ReadL is high with FrCIh 

FIGURE 8. Fire Pattern Generation 




FSJNTT 
clocked by FfCft 



fire shift rgg'gter 

■ clocked by /sclk a gated /"rC/Ar 



select shtft register 



clocked by SeiClk a gated FrClk 



The scan order from input is b, n[13-0],c[0-13], therefore b is shifted in last. 
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The following table shows the values to programme the bi-lithic head pairs using a fire 
TABL£ 4. Head Combinations Initialisation for n=100 



Nozzles 
La 


Nozzles 
Lb 


nlen(A&B)- 
#1-1 


county = 
(JL/J2) mod n 
-1 


bA 


bs 


(Lb/2) mod n 


' counts = 
(L^-Ls+rem) mod n 
-1 


9744 


4080 


99 


71 


0 


0 


40 


3 


8328 


5496 


99 


63 


0 


0 


48 


79 


6912 


6912 


99 


55 


0 


0 


56 


55 



and once the registers are initialised with LA FrClk cycles (ReadL='0*, LSyncL='r). 
rem would be the correct value for countQ if chip B was only clocked (FrClk) Lg 
times. But this chip will be over clocked L^-Lg cycles. The values of byi^ and bg are 
either the same or inverse of each other. The actually value does not matter. They need 
to be different from each other if the select shift registers would end up with differ- 
ent values at the butt ends. lf(Lj^/2n) is even (and countA is non zero), then the final 
run in *A's select shift register will be Ib^. If (Ly^-LB/2) mod n is even (and countQ is 
non zero) then the final run in *B's select shift register will be ! be- 



FIGURE 9. Determining Select Shift Reg^ter value 

Hc^A 



> L,jJ2 select shift register length 



^ [4_ countA-*-1 



HesdB 



-►Ln 



LT 



^ L0/2 select shift register length 




3-4 Profile Pattern 

A profile pattern is repeated at FrClk rate. It is expected to be a single pulse about lus 
long. But it could be a more complicated series of pulse. The actual pattern depends on 
the ink type. 

The following figure show the external timing to print a line of data. In this example 
the line is printed in 8 cycles of FrClk, 
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FIGURE 10. Timing for printing Signals 
-i 



Lsynct 

ReadL 
Data 

SrCik 
FrClk 

Pr 



rw 



imimjmsmj'mjmjmjm. 



3.5 Interface Modes 

The print heads a eight different modes controlled by signals ReadL and LSyncL, As 
seen in Figure 9 with both LSyncL and ReadL high, the chip in normal printing mode. 
Some of these mode can operate at the same time, but may interfere with the result of 
the other modes. 



TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping 


1 


1 


Nomial Print Mode 


SrClb=Srak/3 

frcllc=FiClk 

SelClk^O 

FsClk^FiClk 

Scan=0 

CoreScan=0 


X 


0 


Dot Load Mode 

• Dot latches are open, loaded with Dot shift regis- 
ters, latch once LSyncL returns to 1 (this happens 
regardless of ReadL) 

• Enables Dot Shift register to capture fire result. 




1 


0 


Fire Load Mode 

« DatafO] will shift through nien, count and b with 
FrClk 


SrClk"X 

frclk=X 

SelClk«X 

Fsak=FrClk 

Scan=l 

CoreScan'=X 



Bi-liUiic Printbcad Specification 



Confidential Silverbrook Research. 4 September 2002 



10 



TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping 


0 


1 


Reset Nozzle Test 

• Resets the state of nozzle test circuit 


SiClk=SrClk 

FiClk=FrC!k 

SelClk=FiClk 

FsClk=FrClk 

Scan=0 

CoreScan'»l 


0 


1 


CMOS testing mode 

• The contents of the dot shift registers are serial 
shifted out on Data [0-1] with SrClk 


0 


1 


Fire Initialise mode 

• The contents of the fire shift register and select 
shift register is generated with FrClk 


0 


0 


Temperature Output 

• The series of Delta Sigma output are clocked out on 
Data[0] with FrClk, The sum of these bits represent 
the temperature of the chip. 


SrClk-X 

fTclk=0 

SelClk=0 

FsClk=0 

Scan=0 

CorcScan=X 


0 


0 


ISfozzIc Test Output 

• The result of a nozzle test is output on Data[ 1 ] . 



3*5.1 Printing 



Figure 1 0 shows show timing for nonnal printing. During this action, we drop out of 
Normal Print Mode^ to Dot Load Mode between line transfers. For printing to perform 
correctly, no other signal should be stable. 

3.5.2 Initialising for Printing 

To initialise for printing the fire shift registers and select shift registers need to setup 
into a state as shown in Figure 7. To do this the chips are put into Fire Load Mode and 
the values for nien, count and b are serially shifted from Data[0] clocked hy FrClk. 
As the two chip have separate Data line, and common FrClk, this happens at the same 
time- Once this is done, mode is changed to Fire Initialise Mode, and finther FrClk 
cycles are provided to both chips. During all these operation Pr should be low, to pre- 
vent imintentional firing for nozzles. 
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FIGURE 11. Initialising Print Heads 
L^yncL 



ReadL 



DataAlO] ( bA, lnen[13-^l, count[C)>13lA > - 
DataeEO] ( I>b» lncn|13^1, coimt[0^13)B ) - 



SrClk 



Pr 



Fire Load Mode 



-> La cycles 



Fire Initialise Mode 



3.5.3 Nozzle Testing 

Nozzle testing is done by firing a single at a time a monitoring the Data fJJ pin in the 
Nozzle Test Ou^ut mode. 

Each nozzle has a test switch with closes when it nozzle is fired. All 12 switches in a 
nozzle column are connect in parallel to the following circuit. 

FIGURE 12. Nozzle Test Latching Circuit 



Testout 




This circuit is initialised when ever LSyncL is high and ReadL is low (Reset Nozzle 
T est mode). This forces all "switch nodes" to low, and the feedback through lower NOR 
gate will latches this value. With LSyncL low and ReadL still low {Nozzle Test Output 
mode) the Testout of the first nozzle column is output on Datafl J. If any switch is 
closed, the switch node of this column will be pulled up, and will ripple through to the 
output as transition fi-om high to low. 
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FIGURE 13. Nozzle Testing 



LsyncL 

ReadL 
Data[1] 

SrClkj 
FrClkl 



mm 



Jl 



Set up Test 



Reset Nozzle Test Mode 



Nozzle Test Output 
Mode 



Setup 
Test 



Nozzle testing requires a setup phase in order to fire only one nozzle. There are many 
ways to achieve this. Simplest might be to load a single colour with 101010 through the 
even nozzles, and 010101... for the odd nozzles (0*s for all other colours), and set up a 
fire pattern with n = With this fire pattern only one nozzle v^dll fire in each Pr 
pulse. After firing in Nozzle Test Output mode, a single FrCIk will advance to next 
nozzle, then Reset and Test, After cycles of this testing, a single SrClk will 
advance the dot shift registers to setup the untested nozzles of this colour, and another 
cycles of FrClk, Reset and Test will finished testing this colour. Then repeat test 
procedure for other colours. 

3.5.4 Temperature Output 

This mode is not well defined yet. In this mode, DatafOJ will output a series of ones 
and zeros clocked by FrClk. After a (currently unknown) number of FrClk cycles the 
sum of this series will represent the temperature of the chip. Clocking frequency in this 
mode it expected to be in the range lOkHz • IMHz. 
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FIGURE 14. Temperature Reading 
LsyncL | 



ReadL L 
Data[0] — (] 
SrClk 

FrClk 

Pr 



> 



The Frequency of FrClk and the number of cycles need to be programmable. Since this 
mode cycles FrClk, the result of fire shift register and select shift register would be 
changed, but in this mode FrClk is disabled to these circuit. So printing can resume 
without reinitialising. 



3*5.5 CMOS Testing 

CMOS testing is a mode meant for chip testing with before MEMS as added to the 
chip. This mode allows the dot shift register to be shifted out on the Data [0-1] pins. 
Much like the nozzle test mode, the nozzles are fired while LSyncL is low, but during 
the firing SrClk wiU be cycle, and the dot shift register wiU load the signal that 
would fire the nozzle. Once capture, the result can be shifted out 

FIGURE 15, CMOS Testing 
LsyncL 



ReadL 

Dataj 

SrClkl 
FrClk| 

Pr 



Set up Test 



il 



n 



Dot Load Mode 



CMOS Test Output Mode 



The Dot Load Mode above violates normal printing procedure by fuing the nozzles 
(Pr) and modify the dot shift register (SrClk). 
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4.0 Reticle Layout 



To make long chips we need to stitch the CMOS (and MEMS) together by overlapping 
the reticle stepping field. The reticle will contain two areas: 

FIGURE 16. Reticle Layout 



20 mm max. 




The top edge oiArea 2, pad end contains the pads that stitch on bottom edge of Area 7, 
CORE. Area J contains the core array of nozzle logic. The top edge of Area I will stitch 
to the bottom edge of itself. Finally the bottom edge of Area 2, butt end will stitch to 
the top edge of Area 1. The butt end to iised to complete a feedback wiring and seal 
the chip. 

The above region will then be exposed across a wafer bottom to top. Area 2, Area /, 
Area 7...., Area 2. Only the PAD end of Area 2 needs to fit on the wafer. The final expo- 
sure fo Area 2 only requires the butt end on the wafer. 
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FIGURE 17. Steppar Pattern on Wafer 




4.1 TSMC U-Frame requirements. 

rSUC will b. building us ftamc 10 «m X 0.23 mm which will b. ptod rite side of 
hoUi Area 1 md Area 2. 

must be used. 
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extra software authentication stage to prevent 
ComCos from fkldltng with SoPEC software. 


1.2 


29 August. 2002 


Simon Vy^lmsley 


Added section on how the PRINIER^QA chip 
gets programmed with the SoPECJd.key. 


1.1 


28 August, 2002 


Simon Watmsley 


Updated to have ink and operating parameters 
be authenticated via symmetric key based sig- 
natures based on a unk]ue SoPEC.kt- 
Updated after review. 


1.0 
OJZdraH 

0.1 draft 


27 August, 2002 

26 August. 2002 

26 August 2002 


Simon Walmsley 
Simon Walmsley 

Simon Walmsley 


Changed public-key and private key refer- 
ences lo asymmetric & symmetric respec- 
tively» so private can now sub-refer to the 
private key of the asymnwtric pair, or the sin- 
gle private symmetric key. Changed OEM Jd 
into ComCo^OEM Jicense^W to more accu- 
rately reflect the scope off the W. 
Initial issue. 
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1.3 Scope 

This document describes the basic security requir«nents of 

SoPEC ASIC [IJ. It then describes an implementation solution to the security require 
ments. 
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Readership 

TOs document is written fox software engineers and ^^^^^'f^Z^^cXlT^nt 
with SoPEC, as weU as ^CB designer ^t a«^ot^^^^^^^ 
En^es. A similar audience woikmg on PEC and PEC-basea ram cngui j 
document useful. 

This document is also intended to be read by those responsible for key management and 
associated database designers with regards to guiding requirements. 

TCs document is confidential to Silverbrook Rese^ch Lt^-Jj^^f ^'^^^ 
side this organisation fflua be covered byanon-disclosure agreement CNDA). 

OA Chip terminology 

m Authentication Protocols document [51 refers to QA Chips by their function in partrc- 

Tpor ^vl^^caled reads. ChipR is the QA Chip being read <™m^ ChipT is the QA 
ChipthatidentifieswhetherthedatareadfromChipRcanbetiusted. 

• For replacement of keys. CMpP is the QA Chip being V^^^^^^ZiS' 
2d cSipF is the factory QA Chip that generates the message to pK.gram *e^^ 

. "or up^s of data in memory vectors. ChipU is the QA Chrp bemg upgraded, and 
Chips is the QA Chip that signs the upgrade value. 

Any given physical QA Chip will contain flmctiomdity that allows it to operate as an 

entity in some number of these protocols. 

this document, they are refemng to logical ennues mvuivw 
as defined in [5]. 

SSSeR-QA. and will be on a separate bus to the INK_QA chips. 



Conridentlal 



November 29. 2002 



4 



.1.1 



Requirements 

Security 

The basic fimctional security requirements are: 

. saverbrookcodeandOEMprogmncodeco-existii.gsafely 

. Silveibrookoperatiiig parameters authentication 

. OEM operating parameters authentication 

• Ink usage authentication 

Each of these is outlined in subsequent sections. 

code. The execution model -^^^^ed fo^SoP^«one ^ ^^^^ 

forms an operating system (O/S). P"'^?"^ «^ ^ ^^st lun in 

pipeline, interfaces to commumcadons channels rtc_T^OO^ p ogram 



activated. 



A basic requirement then, for SoPEC. is a ^ 
verbrook and OEM program oje can c^^^^ 

be restricted to Silverbiook program code only. 
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SoPEC Security Overview 

Silverbrook Re search . — • 

brook program code or data, nor be aoie ro ciu» 
program code. 

However the OEM must be capable of assemb^-'^e t^g the Print Engine at the 
^^dS ^ before selling the Print Engine to the end-uscr. 

2.1.3 OEM operafng paran«ters ^„,^,ent of the Silver- 

The OEM may provide operating V^'^^^^''^Z.iu>^fn>nl6^^ 
brook operating parameters. For example, the OEM may wan 

end-user should not be able - upS«Je t^ ^P^^ng p^^^ ^*out p^g 
appropriate fee to the OEM. Similarly, the «°'J-"^*'^J^''t^3 ^pUes that end-users 
^leltication mechanism via any pr.^^^ on 

rtrj:rp^;:iSS?^H^^^-^^^^^ 



2.1 .4 Ink usage authentication 



of OEM2 printers can only use OEM2 ink. 
O O ACCEPTABLE COMPROMISES 

•«i where there is a total compromise 

We are really only concerned ^^^^ »'r';^l!S^e^Scation. An example of 
of printer operating parameter auAenUcatton and in^ 

«4 an attack is where the S;!-*"^'^ ^"^^^^^^^ engine outside the 

loaded fiom the internet. jmd this clone O/S all^s m g P ^ 



not important 
of the license agreement. 



I. a franking machine prints stamps 
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U an end user ta.es the tin.e and -^^t^leCLX^^^^ 
^gradingthesingleprintenjneo 

print engine, that .s an accepteble se^'^^ ~ J? accomplish this, 
to make it totally simple or cheap for the end user TO «i*< 

Software-only attacks are the '°«J,f^!!""Mfi2ti^^^aS^^ ^^iS probl^tic. 
net and have no perceived P^^^^^^^^S 

since most printer users a« not 1^*^^]^ *° **Sfi^^ « lively to exceed the price 
This is even more true if the cost of the physical moomca 
of a legitcmate iq>grade. 

rity. 

o ^ IMPLEMENTATION CONSTRAINTS 

tation constraints. These are: 

• No flash memory inside SoPEC 

• SoPEC must be simple to verify 

. Silverbrookprogiamcodemustbeupdateable 

. OEM program code must be updateable 

. MustbebootablefromactivityonUSBorlSI 

. Noextrapinsforassigningrostos^veSoPEC^ 

- Cannot.nu..hecommscham»d«^eQA^P» 

. Cannot trust the comms channel to the QA Chip m me lu. 

. Cannot trust the ISI comms (diannel 

These constraints are detaUed below. 



few bits, 



2.3.2 SoPECmust be simple to verify unthin SoPEC must be verified 

All combinatorial logic and L^Sth^ of these increases verification 

before manufacture. Every increase m complexity m citner 



effort and increases risk. 

2.3.3 



SIlverbrooK program code must be updateable ^ _ .p^systemthat is: 
It is not possible nor even desirable to wnte a single complete operatmg 



verified completely (see Section 2.3.1) 
correct for all possible future uses of SoPEC systems 
finished in time for SoPEC manufacture 
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Therefore the complete SUverbrook program code must not permanently «side on 
SoPEC. It must be possible to update the SUverbrook program code as enhancements to 
functionality are made and bug fixes are applied. 

In the worst case, only new printers would receive the new functionality or bug jixes. to 
t?e« SI. exiting SoPe6 users can download new embedded code to enabte fan«.on- 
ality or bug fixes. Ideally, these same users would be obtaimng these updates fiom the 
OEM website or equivalent, and not require any interaction vath Silverbrook. 

2 3 4 OEM program code must be updateable 

Given that each OEM will be writing specific program code ^r Printere th^ ^Z^'ct 
bSenconceived, it is impossible for all OEM program code to be embedded m SoPEC at 
the ASIC manufacture stage. 

Since flash memoo' is not available (see Section 2.3.1). OEMs caimot store their program 
oXin on-chip fl^h. While it is theoretically possible to store OEM p^^^.^^f 
ROM on SOPEC. this would entaU OEM-specific ASICs which would be proh,bmvely 
expensive. TTierefore OEM pK»gram code cannot permanentfy reside on SoPEC. 

Since OEM program code must be dowrfoadable for SoPEC to execute it ^o"" *«e- 
fore be possible to update the OEM program code as enhancemems to fimctionahty are 
made and bug fixes are applied. 

In the worst case, only new printers would receive the new functionality or ^^^^^^^ 
Se best case, exi ting SoPEC users can download new embedded code to ejbte f^^o^ 
SiV or bug fixes. Ideally, these same users would be obtammg th<«e updates from the 
OBv! website or equivalent, and not require any interaction with Silverbrook. 

2.3.5 Must be bootable from activity on USB or ISI 

SoPEC can be placed in sleep mode to save power when printing is not required RAM is 
not pi^<? iSX modT-merefore any program code and data in RAM will be 1^ 
Sw^^^PECiS be capable ofbeing woken up froin the host when It .s time to prmt 

agaiiL 

In the case of a single SoPEC system, the host communicates with SoPEC via USB. 

In the case of a multi-SoPEC system, the host typically communicates with the ISI Mast^ 
Sip (eTthe ISI Master could be SoPEC. and the comms is USB), and can send messages 
to othtr slave SoPECs via the ISI master. The ISI master SoPEC relays these messages to 
tbc slaves via the ISI. 

Therefore SoPEC must be capable of being woken up by activity on either the USB or on 
die ISI. 

2 3.6 No extra pins to assign IDs to slave SoPECs 

In a single SoPEC system the host only sends data to Ae single SoPEC However in a 
multi-SdPEC system, each of the slaves needs to be uniquely identifiable m order to be 
able for die host to send data to the correct slave. 

Since there is no flash on board SoPEC (Section 2.3.1) 

(eg 4 bits) in each SoPEC. Moreover, any ROM in each SoPEC will be identical. 
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;^™S "sSS^sLs. we b... 2 pi» for in.^-SoPEC co»»»,c- 

tions. and further pins would add to the cost. 

2 3 7 Cnno. m... .h. cmm. ch«,n.1 ... «- OA Chip U, ,h. pdrtr (PR.NTER.OW 

o«™Pter; are stored in the non-volatile memory of the Pnnt 
If the P^*" JP^^P^^^ch^ bo*1i verbrook and OEM program code cannot 
Engine's on-board PRINTEIL.QA """^ . „ssibie for an end-user to replace 
rely on the communication channel bcmg secure. « /""^ 
ttic PWNTER^QA chip or subvert the communications channel. 

2 3 8 cannot trust the comms channel to the QA Chip In the ink cartridges (INK.QA) 

.e amount Of inj^^^^ 

ory of that ink cartndge s INK^QA c»^P- "T",^ being secure. It is possible for an 
C«,«« «... .N. 1SI c,"". «H«n«l ^ ^ 

man-in-the-middlc attacks). 
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Proposed Solution 

A proposed solution to the requirements of Section 2. can be sununarised as: 

• Each SoPEC has a unique id 

• CPU with tiser/supervisor mode 

• Memory Management Unit 

• SoPEC ISI identification 

1 EACH SOPEC HAiS A UNIQUE ID 

v^jypT id of minimum size 64-bits . inis 
Each SoPEC needs to contains a umque SoPEC id ox imt^ 
Sp£C_W is teed to fonn a symmetric key umque to each SoPEC. SoPEO_ia_Key 

Tl^e verification of operating paxametet. and ^g^^^t^S^f^S^lte^^^^^^^ 
cult to detennine. Difficult to detenmne l^^^^^lZt^nt^s on the boa«i. 
mine the id via software, or by -^'T^^^^^^^HS^ ^^^^^ ^ 

r^eSrrrr;f.=rr^^^^^ 

U is important to note that in the ^^<^^:^^fZT2^^^ p^^^^'T^eS U 

S^l"or^.TralToSE^^ 

, . ideal that the SoPECM^^^t^^ 

3 2 CPU VWm USER/SUPERVISOR MODE 

V8 instructiott set). 

Silverbrook (operating sysum) program code wUl run in supervisor mode, and all OEM 
program code wiU run in user mode. 

3 3 MEMORY Management Unit 

SOPEC contains a Memory Management Unit ^j^^/^^J^S^^^^^ 
DRAM by defining read, write -<»;-Xis"SSTSr m<S settings. 



I . On IBM's CUl 1 process this chipld is 80 bits. 
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mined. 
DRAM. 

• • ntn^l the non-valid address space should be trapped, regardless of user 

bloclcs) is supervisor read/ wnte ^^^^J^^ cpjo and Timer registers can also be 
hasnoacccessatall)v«tbtheexcej^bontl^ ce^OFiu^^ pennissions. Each 

accessed by user code. These registeis will require bitwsc accc v 
S^blockwilldeternunehowtheaccessu^restnctcd. 

L embedded DRAM sh«Ud -^^^t O^Si^^^oSS ISSStM^ 
. vectors. The reset excep^e^or (-^P°^ --^^^ ^ stUl allows nuU pointer 
point to the appropnatc location in RUM. lacauy m 
dereferencing to be trapped 

With respect to ^e DRAM and PEP ^t^'X^S::^""^^ ^ 

read/write/execute mode pemmisions to ^^^2^^^ ^ ^nd 0/0/0 elsewhere. By 
for OEM program data. 1/0/1 for «g.ons «f 0©J P^^^^,^ permissions for this 
contrast we would typically set ^"P^^l^f^^^Se in sup^visor mode), 
memory to be l/l/O (to avoid accidentaUy exeeutmg user co« ^ 

V \ n should only be accessible in supervisor mode. 



access. 



3 4 SPECIFIC ENTRY POINTS IN O/S j,^^^ 
implementation for this depends on the CPU. 

o. ^ LEON p--;^ — TSr^=r.::r:^c's^=^- 

and supervisor mode in a controUea way. cmprvisor code space in supervisor 

user mode. 

updates occur. 

o^^P to call user mode code. There are a number 
The LEON also allows supervisor mode code toj^l user mooe 
of ways that this functionality can be unplementcd. 
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3,5 Boot Procedure 

3.5.1 Basic premise 

The intention is to lokd the Silverbrook and OEM program code down into SoPEC s 
Sll S«e it be subsequently executed. The basic SoPEC therefore, must be capa- 
^f' Z^oading program code. However SoPEC must be able to guarantee that only 
a^o^IsS^erbfook Eoot programs can be downloaded, otherwise anyone could mod- 
Z^Tofs to do anything. aAd then download that - thereby bypassmg the licensed oper- 
ating parameters. 

We perform authentication of prognun code and data using asymmetric cryptography and 
wiOuntt using a QA Chip. 

Assuming we have already downloaded some data and a 160-bit signature into eDRAM. 

the boot loader needs to perform the followmg tasks: 
. oerfoim SHA-1 on the downloaded data to calculate a digest localDigest 
: J^etric decryption on the downloaded signature (160-bits) using an 

asymmetric public key to obtain auffcomedD/ge*/ 

• IfhZoigest = authorizedDigest, then the downloaded data is ^^^^"^^"^ 
S«m^t have been signed with the asymmetric private key) and control can then be 
passed to the downloaded data 

Asymmetric decryption is used instead of symmetric decryption ^^^^^J^^ 
k5^t> heldin SoPEC's ROM. If symmetric private keys are used, the ROM can be 
probed and the security is compromised. 

The procedure requires the foUowing data item: 

• bootOkey- an «-bit asymmetric pubUc key 

TTie procedure also requires the following two fimctions: 

. SHA-l- a fimction that performs SHA-l on a nmge of memory and returns a 160-bit 

. - a function that performs asymmetric decryption of a message using the 

passed-in key 

Assuming that all of these are available (e,g. in the boot ROM), boot loader 0 can be 
defined as in the following pseudocode: 



localDigest SHA-1 tdata) 

author izedDigest decrypt (stg, toootOkey) 

Else ^ _ 

// program code is tinauthoriaed 

Endlf 



Zp^^mM^. 1°" ->a»«6c^ »y *>w°'««toi off a. <^ («* 

from some hacker in Norway). 
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3.5.2 



f^^^ .2048.bit key is required to match the 160-bit symmetric-key security 
In the case ^^^^A a 2048.bit te^^ ,^ ^.j^^^y suffice, 

of the Q A Chip- In the case of ECD5> A. a Key icng u 

u;rxu v**v«; in SoPBC and having the external 
There is also no advantage to stonng ^ '^ILe a compromise of key allows 

feoo/OJtcy; secure, 
ify and characterize. 

Hierarchies of authentication «.,„^^v cvs code needs to be 

Given that test programs, evaluation programs, ana aii ci 

it is not secure to 

written and tested, and OEM program code ej^^^«> J^^^^ sUvert>rook 0/S. non.O/S. 
have a single authentication *>f '^^^I't'?" OEM's^gning SUverbrook program 

^^^^o^L^lt the^igning of OEM program 

code. 

etc. customizing the Print Engine for a given seU to the 

. OEM. a company that us^ a ^'.^^^co^X^^^-t.^^'^--'^''^'^^ 
end-useis. The OEM would supply the motor control logi , 

levels of authentication yeraxchy are as follows: _ ^^^^ 

asymmetric private key. „f nlus efafaser2, where <iafaje^2 
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- ~.«>.n«rpr hincks for anv number of Print Engine 
crate as many of these operating Parameter WocKs tor a^n 
Licenses, but cannot write or sign any supervisor O/S program code 

. m OE;. would generate — 

poses or for updates to drivers etc) 
The relationship is shown below in Figure I . 



datasets 
(suppHed to 
end-user) 




Figure 1. Relationship between the datasets 

e A^fnc^ts SoPEC itself validates datasetJ via the bootOkey mech- 
"^"^^SS^ Sec/on"^^^^^^ « executing, it validates ^e,2 and 

:r'^2tta^ Ste' Lse,4. The validation hierarchy is shown in Figure 2. 



SoPEC boot rom 
(includes booftOkey pubHc key) 



vafidatkxi via bootOkey 



datasetl: operating system 
(includes ComCo poWlc key) 



vafidatkxi via ComCo key 



datasotl: opftfatlng parnis 
(incfodes OEM pubfic key) 



validation via OEM key 



datasaU: OEM program code 



Figure 2. Validation hierarchy 
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OEM program coae ^^j^ proEram code is also compromiseA A corn- 

private key IS compromised, then the ObM program v 

promise of tootOfey compromises fijjcaflung up to SoPEC itself, and wouia require 
mask ROM change in SoPEC to fix. 

private key paired to bootOkey secure. 
35 3 Authenticating operating parameters 

ment of host O/S drivers etc. 

OnPRINTER_QA. memory vector Mo contains the upgradable operating P™et«s. and 
SI^^ M^contL any constant (non-upgradable) operating parameter.. 

Considering only SUverbrook operating parameters for the moment, there are actuaUy two 

problems^^^^ and storing the Silverbrook operating parameters, which should be 
auAorizedonlyby Silverbrook ^ ^ ^ 

..reading the parameters into SoPEC, which is an issue of S^^er^catmg 
on L PWNTER^QA chip since we don't trust PRINTCR^QA. 

The PRINTER.QA chip therefore contains the following syinmetric keys: 

T\\.I>EC M »»v Tlus kw is irnlque for eKh SoPEC (se. SccM. 3.1), ""IM 

anything. . ^ 

ing as the ChipS. 

operating parameters) from ^^^^^^Lt^^. ^^ing as ChipR. and the embed- 
cated read P~tocold«cribed m g. -*T^^^e ir^cateS read protocol [5] 
ded supetv sor software on SoPEC achng as cmpi. i ^ -umber This creates the 
requirTthe use of a 160-bit nonce which is * P^^^^^^/.r^^l^^lc 

problem of introducing P^^^'^^'^^f^ ^^^^^Z. bne possibility 
by OEM programs. especiaUy given that SoPECbootsmtoatao P 

is to use the same random number g«««f«o.^^^'^. *J 2^^„^ni the value in the 
mal-lengthed Unear feedback s^ft register) with *V^lt^!,^ I^Tes 
^Lu^-nmer register in SoPEC's timer unit when the first page amves. 
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M fh.t the orocedure for verifying reads of data from PRINTER_QA does not rely on 

Z Silverbrook supervisor code so that SoPECJd.key .s not revealed. 

If th^ OEM also requires upgradable parameters, we can add an 
PR^^QA wU\i keyTan OEMJcey and has write permissions to the OEM 

part of Mq- 

I.te«.,.K,..v««e«l.»bela«»mby„,o»»»q«teSoPEC™IFIUOTEIL.QA. 

extra keys (multiple SoPECJdJceys) to a smgle PRINTER^QA. 
However.if ink usage is not being validjed(e.g. if pnm^dv.^ 

upgradable V^^^^li;^^^'^/'^^^^ the 
contains the appropriate SoPEC.id_key. '^^xamng p ^ 



print will terminate. 



SS3 1 OEM assembly-line test ^ 

stored in PRINTER_QA as described m Section 3.5.3. 

However.althoughanOEMshouidonlybe^e^^^ 

a given Print Engine, they must be able to a?s«'°^*y->'°%**J_;7, ^^ne 
ftSnt set of openuing parameters i.e. a maximally upgraded Prmt Engine. 

would be performed. 

At first thoueht. it might be considered that a dongle-style approach using a special ma«er 
brook machine (e.g. over a net). Neither approaches are good. 
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• 1 «,,cter PRINTER OA for testing, then we must make use of special 
If there is no special ^^J^^^^ q\ hok The solution will depend on the 
test programs, or storage on the PKiw i nt^^Ki^, 
test requirements of the OEM. 

would not want the OEM to have such a program. 

Likewise, ifatestptogran^onlyprintedpages^t^^^^ 

not only docs this change the ^^^^.^/^le^ ^^^^^ images. This may 

before printing) bul a service must be "^^^e aj^lab e w ^ ^^^^ . 

Ml upgrade capabUity. f^.J^^^f^J^^f^^^^^^^ wUl pToduce a 

^^^'Z^^u'^J'^^'^^'^^^^^ ^^^^ 

^t into the public the user can only print blank pages. 

If the OEM requires tests that actually prints dots, there are several possibilities: 

OEM test patterns cannot be printed. 
b A version of the O/S that prints garbage in special places over the test image. 
M^Z 1 Ae disadvantage that special OEM test patterns cam.ot be 



r^^l nn of the O/S that reads and decrements a DecrcmentOnly value in 
?i^5?^^Qt iTL^ue before successful decrementing « 

L"?run at fUll upgrade -"^^^ai? ^^^^^^ 

s-^s;rtr^^:«r^^^^^^^ 

PRINTER_QA customization may only need to t>e i or 2. 

m d Use of a PrintEngineLicense id 

Silverbrook O/S pro^ code cont^ns j-^^foS^H^^^^^^ 

the subsequent OEM P^^^ '^^^^^r^U^^^^^^ ^^'^ 

SoPEC only contains a smglc root key. f *l°;^*r printer driver for OEM, tun 

applications to be run identically physical Pnn» ' P""*' 

on an identically pfcy^/ca/ Print Engine ftom OEMj. 

PrintEngineLicense_ui code J^^'Jl^ ^ . ,■ ). as with all other operating 



Confidential 



November 29, 2002 



17 



Silverbrook Research 



SoPEC Security Overview 



4-4-1-3 vl.6 



same time as the other various PRINTER.QA customizations are being applied, before 
being shipped to the OEM site. 

lu this way. the OEMs can be sure of differentiating themselves through software func- 
tionality. 

of dots printed for each ink. 

-n.e ink amount remaining in a given caxtrid^^^ci^ '^^S^tirHSg X 
Other data stored on the INK^QA <=^'P -^l^^^^^^"^' S^"^' OE^Jd. irScType. 
S^gS:rS,lS^or=S;constant,and.^ 

be stored in Mi+ within INK_QA. 

»r» validated by means of PRINTER_QA, a 
Just as the Print Engine -P^^^^Z^^^^^l^^Znynih specifically licensed 
given Print Engine hcense may ody 1^ P^^^^^^J^f^^^j, ,et of ink types, colors. 

' . A the^ TNIC OA both in terms of ink parame- 
SoPEC must be able to authenticate reads from the INK..i^A. ooui 

teis as well as ink remaining. 

To authenticate ink a number of steps must be taken: 

• restrict access to dot counts ^oorwTFR OA 

. authenticateinkusageandinkparametersviaINK_QAandPRINTER.QA 

. jtLst ink dot usage to all SoPECs in a multi-SoPEC system 



3.5.5.2 



3.5.5.t restrict access to dor counts :„ ^^e PEP section of SoPEC. access to these 

Since the dot counts are accessed ^J^rt.e P^^^^ 

"'flJ^nJtTolM^e^S -^^^^^^ Otherwise it might be possible for 
O^^V^ c^de^clti dit coun^ before authentication has occurred. 

acit/,ent/cate Ink usage and Ink parameters via INK.QA and PRINTER.QA 

^SHoXti^pir.^^^^^^^^ ^ - 

INK QA, the count has been correctly decremented 
INK_QA. 

WecannotwritetheSo/'fCJrf-teytothelNK-QAfortworeasons: 
. . updating keys is not power-safe (i.e. if power is removed m,d-update. the INK.QA 
could be rendered useless) 
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chsnjs <l» oM key to a new on* 
•nic proposed soludo. is to la INlCQAto»«™»k«)™- ,„.,riv„irte 

pl^io» ,0 tt. — ",^;:r^J,!:rS:-ca«.d.e, fot . s.- ^ 
pemiissions to anything. / „ fill 

(e g in K2), also with no write permissions. 

™s .b«o t». sW keys PEIKrEK.QA sh»« botK ^ 
iii.>sabndgel>etv«eenINK.QA">*SoPEC. 

. P^stkedau/sigoe- 
AU SoPEC to to do is do a. '^/T ml tken «« 

PRn«EB.QA .0 PjJJ^rJr^^^^t ealodated s,g».«. «... ^ 

S^uSeLicensc_Id can be checked for validity. 

The actual steps of read authentication as performed by SoPEC are. 



KEYl 

KEY2 4- 2 



~ " 71 ZT^\r to use when signing 

1 // simple constants to specify which key to use 



Rink* Winr» »a^xnk - 

If (r» inkRe»«ining = expectedlnkRenvaining) 

// all is ok 
Else 
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// the ink value is not what we wrote, so don't print anything anymore 
Endlf 

the data read from INK^QA is not valid and cannot be trusted 



Endlf 



strictly speaking, we don't need a nonce (RgoPEc) time because Ma (containing 

the ink remaining) should be decrementing between authentications. However we do need 
one to retrieve the initial amount of ink and the other ink parameters (at power up). This is 
why taking a random number from the mtchDogrtmer at the receipt of the first page is 
acceptable. 

. In summary, the SoPEC performs the non-authenticated write [5] o^.^^^^^^^^^l 
INK OA chip, and then performs an authenticated read of the data via the PRD^R_QA 
as p« the pseudocode above. If the value is authenticated. sM the INK.QA >°k-remain- 
ing value matches the expected value, the count was coitectly decremented and the print- 
ing can continue. 

3.5.5.3 bmadcast ink dot usage to all SoPECs in a muia-SoPEC system 

In a multi-SoPEC system, each SoPEC attached to aprintheadiA at most) must broadcast 
its ink usage to all the SoPECs. In this way. each SoPEC will have its own version of the 
expected ink usage. 

In the case of a man-in-the-middle attack, at worst the count in a given SoPEC is only its 
own count (i.e. all broadcasts are nimed into 0 ink usage by the man-m-the-middle). 

A single SoPEC performs the update of ink remaining to the INK_QA <^"P;^<'J^,,f 
SoPECs perfonn an authenticated read of the data via the appropriate PRJNTER.QA (tlje 
PRINTER OA that contains their matching SoPECJd.key - remember that multiple 
SoPBC id keys can be stored in a single PRINTm_QA). If the value is authenticated^ 
and thc"lNk_QA value matches the expected value, the count was correctly decremented 
and the printing can continue. 

If any of the broadcasts are not received, or have been tampered with, toe updated ink 
counts will not match. The only ca^e this does not cater for is if each SoPEC is *"<=ked Cm 
an ISI man-in-the-middle attack), into a total that is the same, yet not the true total. Apart 
from the feet that this is not viable for general pages, at worst this is the maximum amount 
of ink printed by a single SoPEC. We don't care about protecting against this case. 

Since there will be at most 4 printing SoPEC, it requires at most 4 authenticated reads. 
This should be completed within 0.5 seconds - weU within the 2 seconds/page prmt time. 

3.5.6 Exannple hierarchy 

The exact breakdown of hierarchy will depend on a later investigation, but for the pur- 
poses of scoping out possibilities, it is worthwhile considering an example hierarchy for 
illustrative purposes. 
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Adding an extra bootloader step to the example from Section 3.5.2, we can break up the 
contents of program space into logical sections, as shown in Table 1 . Note that the ComCo 
does not provide any program code, merely operating parameters that is used by the O/S. 



Table 1. Sections of Program Space 



0 

(ROM) 






boot loader 0 
SHA-1 functfon 
asymmetric decrypt function 
bootOkey 


sectk>n 1 via bootOkey 


1 


boot loader 1 
SoPec^OS^public.key 


sectfon 2 vta SoPEC_OS_public_key 


2 


Sflvert>rook O/S program code 
function to generate 
SoPEC_td_key from SoPEC_kJ 
Bask: Print Engine 
ComCo_public_key 


section 3 via ComCo_public_key 

sectton 4 via OEM_pubIlc_key (supplied in sec- 
tion 3) 

PR1NTER.QA data, wtilcti incfudes the 
PrintEngineUcense_kJ. Silverbrook operating 
parameters, and OEM operating parameters (all 
authentteated via SoPEC.kl.key) 


3 


ComCo license agreement operat- 
ing parameter ranges, induding 
PrintEngineUcense.ld (gets 
loaded into supervisor mode sec- 
tk>n of memory) 

OEM_public.key (gets loaded into 
supervisor mode sectton of mem- 
ory) V 

Any ComCo written user-mode 
program code (gets loaded into 
mode mode section of memory) 


(s used by section 2 to verify section 4 and 
range of parameters as found in PRirTTER^QA 


4 


OEM specific program code 


OEM operating parameters via calls to Silver- 
brook O/S code 



The verification procedures will be required each time the CPU is woken up, since the 
RAM is not preserved. 



3.5.7 What \f the CPU Is not fast enough? 

In the example of Section 3.5.6. every time the CPU is woken up to print a document it 

needs to perform: 

• SHA- 1 on all program code and program data 

• 4 sets of asymmetric decryption to load the program code and data 

• 1 HMAC-SHAl generation per512-bits of Silverbrook and OEM printer and ink oper- 
ating parameters 

Although the SHA-1 and HMAC process v^riU be fast enough on the embedded CPU (the 
program code will be executing from ROM), it may be that the asymmetric decryption 
will be slow. And this becomes more likely with each extra level of authentication. If this 
is the case (as is likely), hardware acceleration is required. 

A cheap fonm of hardware acceleration takes advantage of the fact that in most cases the 
same program is loaded each time, with the first time likely to be at power-up. The hard- 
ware acceleration is simply data storage for the authorizedDigest which means that the 
boot procedure now is: 
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« lowCWJboot loader O (da^ a / slg) 

localDigest ^ 5HA-l(daca) 

If (localDigest = previouslyStoredAuthorizedOigest) 

juinp to program code at data-start address// will never to return 
Else 

author IzedDigesC 4- decrypt (sig, bootOkey) 

If (localDigest s authorizedDigest ) 

previouslyStoredAuthorizedDigest authorizedDigest 

jump to program code at data-start address// will never to return 

Else 

// program code is unauthorized 
Endlf 



This procedure means that a rcbcx)t of the same authorized program code will only require 
SHA-1 processing. At power-up, or if new program code is loaded (e.g. an upgrade of a 
driver over the internet), then the fiill authorization via asymmetric decryption takes place. 
This is because the stored digest will not match at power-up and whenever a new program 
isioade(L 

The question is how much preserved space is required. 

Each digest requires 160 bits (20 bytes), and this is constant regardless of the asymmetric 
encryption scheme or the key length. While it is possible to reduce this number of bits, 
thereby sacrificing security, the cost is small enough to warrant keeping the fiill digest. 

However each level of boot loader requires its own digest to be preserved. This gives a 
maximum of 20 bytes per loader. Digests for opemting parameters and ink levels may also 
be preserved in the same way, although these authentications should be fast enough not to 
require cached storage. 

Assuming SoPEC provides for 12 digests (to be generous), this is a total of 240 bytes. 
These 240 bytes could easily be stored as 60 x 32-bit registers, or probably more conven- 
iently as a small amount of RAM (eg 0.25 - 1 Kbyte). Providing something like 1 Kbyte of 
RAM has the advantage of allowing the CPU to store other useful data, although this is not 
a requirement. 

In general, it is useful for the boot ROM to know whether it is being started up due to 
power-on reset or activity on the USB/ISI. In the former case, it can ignore the previously 
stored values (either 0 for registers or garbage for RAM). In the latter case, it can use the 
previously stored values. Even without this, a startup value of 0 {or gaibage) means the 
digest won*t match and therefore the authentication will occur implictly. 

3.6 SoPEC ISI IDENTIFICATION 

At power-up, the host can send targeted data to the USB-connected SoPEC, but can only 
send broadcasts to all of the slave SoPECs via the USB-connected SoPEC's ISI, 

Each slave SoPEC will verify the broadcast message received over the ISI, and if it is 
valid, will execute it. Several levels of authorization may occur. However, at some stage, 
this common program code (broadcast to all of the slave SoPECs and signed by the appro- 
priate asymmetric private key) will, among other things, set the slave SoPEC's ISI id. If 
there is only 1 slave, the id is given, but if there is more than 1 slave, the id must be deter- 
mined in some fashion. 
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On a particular physical arrangement of SoPECs each slave SoPEC will have a different 
set of connections on GPIOs. For example, one SoPEC maybe in change of motor control, 
while another may be driving the LEDs etc. The unused GPIO pins (not necessarily the 
same on each SoPEC) can be set as inputs and then tied to 0 or 1. As long as the connec- 
tion settings are mutually exclusive, program code can determine which is which, and the 
id appropriately set. 

In some multi-SoPEC systems, a given SoPEC will only be attached to a single printhead 
fleft or right). We can conveniently use the second printhead connection pins (temperature 
and test) to form an (SI id. 

This scheme of slave SoPEC identification does not introduce a security .breach. If an 
attacker rewires the pinouts to confuse identification, at best it will simply cause strange 
printouts (e.g. swapping of printout data) to occur, while at worst the Print Engine will 
simply not function. 

Note that some physical setting (e.g. pins) on each of the multiple SoPECs is required - the 
settings just need to be mutually exclusive. Although it is possible for all the SoPECs to 
come to a logical ISI id assignment (c.g, by using ethemet-like protocols), the ISI id needs 
to be very much ^physical identity scheme. This is because these SoPECs are not simply 
logical processors - we want the correct portion of the page to be printed on the correct 
physical location, motor controls will be physically connected to a specific physical 
SoPEC etc. 

3.7 Setting up OA Chip keys 

In use, each INK_QA chip needs the following keys: 

• Ko = Supply InkLicenseJcey 

• Kj = UselnkLicenseJkey 

Each PRINTER^QA chip tied to a specific SoPEC requires the following keys: 

• Ko =» PrintEngineLicenseJcey 

• K^=SoPEC_id_key 

• K2 = UselnkLicenseJkey 

Note that there may be more than one Kj depending on the number of PRINTER_QA 
chips and SoPECs in a system. These keys need to be appropriately set up in the QA Chips 
before they will function correctly together. 

3.7.1 Original QA Chips as received by a ComCo 

When original QA Chips are shipped from QACo to a specific ComCo their keys are as 
follows: 

• Ko = QACo_ComCo_KeyO 

• K, = QACo_ComCo_KeyI 

• Kj = QACojComCo^ey2 

• ^Z = QACojC0mCo_Key3 

All 4 keys are only known to QACo. Note that these keys arc different for each QA Chip. 

3.7.2 Steps at the ComCo 

The ComCo is responsible for making Print Engines out of Memjet printheads, QA Chips, 
PECs or SoPECs. PCBs etc. 
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In addition, the ComCo must customize the INK.QA chips and PRINTER_QA chip 
OD-board the print engine before shipping to the OEM. " 

There are two stages: 

• replacing the keys in QA Chips with specific keys for the application (i.e. INK OA 
and PRINTER^QA) 

• setting operating parameters as per the license with the OEM 

3.7. Zi Replacing keys 

The ComCo is issued QID hardware [4] by QACo that allows programming of the various 
keys (except for K,) in a given QA C:hip to the final values, following the standard 
ChipF/ChipP replace key (indirect version) protocol [5]. The indirect veision of the proto- 
col allows each QACo^ComCoJCey to be different for each SoPEC. 

In the case of programming of PRINTER^QA's K, to be SoPEC Jdjkey, there is the addi- 
tional step of transferring an asymmetrically encrypted SoPEC Jdjcey (by the public-key) 
along with the nonce (Rp) used in the replace key protocol to the device that is functioning 
as a ChipF. The ChipF must decrypt the )SoP£C Jdjcey so it can generate the standard 
replace key message for PRINTER^QA (functioning as a ChipP in the ChipF/ChipP pro- 
tocol). The asynmietric key pair held in the ChipF equivalent-should be unique to a 
ComCo (but still known only by QACo) to prevent damage in the case of a compromise. 

Note that the various keys installed in the QA Chips (both INK^QA and PRINTER.QA) 
are only known to the QACo. The OEM only uses QIDs and QACo supplied ChipFs^ The 
replace key protocol [5] allows the programming to occur without compromising the old 
or new key. 

3- 7.2.2 Setting operating parameters 

There are two sets of operating parameters stored in PRINTER_QA and INK.QA: 

♦ fixed 

• upgradable 

The fixed operating parameters can be written to by means of a non-authenticated writes 
[5] to Mi+ via a QID [4], and permission bits set such that they are RcadOnly. 

The i^jgradable operating parameters can only be written to af^er the QA Chips have been 
programmed with the correct keys as per Section 3.7.2.1. Once they contain the correct 
keys they can be programmed with appropriate operating parameters by means of a QID 
and an appropriate ChipS (containing matching keys). 
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3 Introduction 



This document describes the SoPEC ASIC (Small office home office Print Engine Controller) suitable for 
use in price sensitive SoHo printer products. The SoPEC ASIC is intended to be a low cost solution for bi- 
lithic printhead control, replacing the multichip solutions in larger more professional systems with a single 
chip. The increased cost competitiveness is achieved by integrating several systems such as a modified 
FECI [1] printing pipeline, CPU control system, peripherals and memory sub-system onto one SoC ASIC, 
reducing component count and simplifying board design. 

This section will give a general introduction to Mcmjct printing systems, introduce the components that 
make a bi-Iithic printhead system, describe possible system architectures and show how several SoPECs 
can be used to achieve A3 and A4 di^lex printing. The section "SoPEC ASIC" describes the SoC SoPEC 
ASIC, with subsections describing the CPU, DRAM and Print Engine Pipeline subsystems. Each section 
gives a detailed description of the blocks used and their operation within the overall print system. The final 
section describes the bi-lithic printhead construction and associated implications to the system due to its 
makeup. 

Some sections of this document were derived from the Print Engine Controller Hardware Design Specifi- 
catioii[l] written by Silverbrook Research. 
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S5 



4 Nomenclature 



4.1 



4.2 



Bl-UTHIC PRINTHEAD NOTATION 

A bi-lithic based printhead is constructed from 2 printhead ICs of vaxying sizes. The notation M:N is used 
to express the size relationship of each IC, where M specifies one printhead IC in inches and N specifies 
the remaining printhead IC in inches. 

Section 35 Memjet Printhead contains a description of the bi-lithic printhead and related terminology. 



Definitions 

The following terms 
Bi-lithic printhead 
CPU 

ISI-Bridge chip 

ISIMaster 
ISiSlave 
LEON 

LineSyncMaster 

Multi-SoPEC 
Netpage 
PECl 

Printhead IC 
PrintMaster 

QA Chip 
Storage SoPEC 
Tag 



are used throughout this specification: 

Refers to printhead constructed firom 2 printhead ICs 

Refers to CPU core, caching system and MMU. 

A device with a high speed interface (such as USB2.0, Ethernet or IEEE1394} and 
one or more ISI interfaces. The ISI-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 

The ISIMaster is the only device allowed to initiate communication on the Inter 
Sopec Interface (ISI) bus. The ISIMaster interfaces directly with the host. 

Multi-SoPEC systems will contain one or more ISISlave SoPECs connected to the 
ISI bus. ISISlaves can only respond to communicarion initiated by the ISIMaster. 

Refers to the LEON CPU core. 

The LineSyncMaster device generates the line synchronisation pulse that all 
SoPECs in the system must synchronise their line outputs to. 

Refers to SoPEC based print system with multiple SoPEC devices 

Refers to page printed with tags (normally in infrared ink). 

Refers to Print Engine Controller version 1, precursor to SoPEC used to control 
printheads constructed from multiple angled printhead segments. 

Single MEMS IC used to construct bi-lithic printhead 

The PrintMaster device is responsible for coordinating all aspects of the print 
operation. There may only be one PrintMaster in a sjrstcm. 

Quality Assurance Chip 

An ISISlave SoPEC used as a DRAM store and which does not print. 

Refers to pattern which encodes information about its position and orientation which 
allow it to be optically located and its data contents read. 



4.3 



Acronym and Abbreviations 

The following acronyms and abbreviations are used in this specification 
CPU Contone FIFO Unit 

CPU Central Processing Unit 

DIU DRAM Interface Unit 
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ucsui rvozzie i^ompcnssuOT 


DRAM 


uyuainic tvonaoin Access meinoiy 




l/oljl>iii€ wnier uiui 


GPIO 

\JX IV-/ 


fwt^n^T^^ Piir*nnc9 Trim it f^iifmit' 
VJCnClai X uipubc inpUL V^UipUi 




Halfloner Compositor Unit 




Interrupt Controller Unit 


TCf 


inter oornu interlace 




Lossless Bi-Ievel Decoder 


T r IF 


Line Loader Unit 




Low Speed Serial interface 




Micro Electro Mechanical System 


MMU 


Memory Management Unit 


rCU 


SoPEC Controller Unit 


PHI 


PnntHead Interface 


PSS 


Power Save Storage Unit 


RDU 


Real-time Debug Unit 


ROM 


Read Only Memory 


SCB 


Serial Conununication Block 


SFU 


Spot FIFO Unit 


SMG4 


Silveibrook Modified Group 4. 


SoPEC 


Small office home office Print Engine Controller 


SRAM 


Static Random Access Memory 


TE 


Tag Encoder 


TFU 


Tag FIFO Unit 


TIM 


Timers Unit 


USB 


Universal Serial Bus 



4.4 Pseudocode notation 

In general the pseudocode examples use C like statements with some exceptions. 
Symbol and naming convections used for pseudocode. 
// Comment 
= Assigrunent 

Operator equal, not equal, less than, greater than 
+.-.*/.% Operator addition, subtraction, multiply, divide, modulus 

Bitwise AND, bitwise OR. bitwise exclusive OR, left shift, right shift, complement 
AND,OR,NOT Logical AND, Logical OR, Logical inversion 
[XXiYY] Array/vector specifier 
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{a, b» c) Concatenation operation 

~ Increment and decrement 

4.4.1 Register and signal naming conventions 

In general register naming uses the C style conventions with capitalization to denote word delimiters. Sig- 
nals use RTL style notation where underscore denote word delimiters. There is a direct translation between 
both convention. For example the CmdSourceFifo register is equivalent to cmd_source Jifo signal. 



4.5 State iwachine NOTATiON 



state machines should be described using the pseudocode notation outlined above. State machine descrip- 
tions use the convention of witf^rlinc to indicate the cause of a transition from one state to another and 
plain text (no underline) to indicate the effect of the transition i.e. signal transitions which occur when the 
new state is entered 

A sample state machine is shown in Figure 1 . 



.0 Ofst n«.f 
cclu_d]u_rreq » o 
iGnora_data • 0 



1 



cdu_cftu_rreq - 1 



^ Reset ^ 



?Q««o / \ 

Jgnoro^data > 0 V J 



dona band« 
cdu_diu_rreq = 
{gnore^data = 



Figure 1. Example State machine notation 
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5 Printing Considerations 



A bi-lithic printhead produces 1600 dpi bi-level dots. On low-diflfusion paper, each ejected drop forms a 
22.5nin diameter dot. Dots are easily produced in isolation, allowing dispersed-dot dithering to be 
exploited to its fullest. Since the bi-lithic printhead is the width of the page and operates with a constant 
paper velocity, color phines are printed in perfect registration, allowing ideal dot-on-dot printing. Dot-on- 
dot printing minimizes 'muddying' of midtones caused by inter-color bleed. 

A page layout may contain a mixture of images, graphics and text. Continuous-tone (contone) images and 
graphics are reproduced using a stochastic dispersed-dot dither. Unlike a clustered-dot (or amplitude-mod- 
ulated) dither, a dispersed-dot (or frequency-modulated) dither reproduces high spatial frequencies (i.e. 
image detail) almost to the limits of the dot resolution, while simultaneously reproducing lower spatial fre- 
quencies to their fiill color depth, when spatially integrated by the eye. A stochastic dither matrix is care- 
fully designed to be free of objectionable low-frequency patterns when tiled across the image. As such its 
size typically exceeds the minimum size required to support a particular number of intensity levels (e.g. 
1 6xl6x 8 bits for 257 intensity levels). 

Human contrast sensitivity peaks at a spatial frequency of about 3 cycles per degree of visual field and 
then falls off logarithmically, decreasing by a factor of 100 beyond about 40 cycles per degree and becom- 
ing immeasurable beyond 60 cycles per degree [21][22]. At a nonnal viewing distance of 12 inches (about 
300mm), this translates roughly to 200-300 cycles per inch (cpi) on the printed page, or 400-600 samples 
per inch according to Nyquist's theorem. 

In practice, contone resolution above about 300 ppi is of limited utility outside special applications such as 
medical imaging. Offset printing of magazines, for example, uses contone resolutions in the range 150 to 
300 ppi. Higher resolutions contribute slightly to color error through the dither. 

Black text and graphics are reproduced directly using bi-lcvel black dots, and arc therefore not anti-aliased 
(i.e. low-pass filtered) before being printed. Text should therefore be supersampled beyond the perceptual 
limits discussed above, to produce smoother edges when spatially integrated by the eye. Text resolution up 
to about 1200 (^i continues to contribute to perceived text shaipness (assuming low-diffusion paper, of 
course). 

A Netpage printer, for example, may use a contone resolution of 267 ppi (i.e. 1600 dpi / 6), and a black 
text and graphics resolution of 800 dpi. A high end office or departmental printer may use a contone reso- 
lution of 320 ppi (1600 dpi / 5) and a black text and graphics resolution of 1600 dpi. Both formats are 
capable of exceeding the quality of commercial (offset) printing and photogr^hic reproduction. 
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6 Document Data Flow 



6-1 Considerations 

Because of the page-width nature of the bi-Hthic printhead, each page must be printed at a constant speed 
to avoid creating visible artifacts. This means that the printing speed can't be varied to match the input 
data rate. Document rasterization and document printing are therefore decoupled to ensure the printhead 
has a constant supply of data. A page is never printed until it is fully rasterized This can be achieved by 
storing a compressed version of each rasterized page image in memory. 

This decoi^ling also allows the RIP(s) to run ahead of the printer when rasterizing simple pages, buying 
time to rasterize more complex pages. 

Because coatone color images are reproduced by stochastic dithering, but black text arid line gr^hics are 
reproduced directly using dots, the compressed page image format contains a separate foreground bi-Ievel 
black layer and background contone color layen The black layer is composited over the contone layer after 
the contone layer is dithered (although the contone layer has an optional black component). A final layer 
of Netpage tags (in infrared or black ink) is optionally added to the page for printout. 

Figure 2 shows the flow of a document from computer system to printed page. 




Figure 2. Document data flow 
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At 267 ppi for example, a A4 page (8.26 inches x 11.7 inches) of contone CMYK data has a size of 
26,3MB- At 320 ppi, an A4 page of contone data has a size of 37.8MB. Using lossy contone compression 
algorithms such as JPEG [23], contone images compress with a ratio up to 10:1 without noticeable loss of 
quality, giving compressed page sizes of 2.63MB at 267 ppi and 3.78 MB at 320 ppi. 

At 800 dpi. a A4 page of bi-level data has a size of 7.4MB. At 1600 dpi, a Letter page of bi-level data has 
a size of 29.5 MB. Coherent data such as text compresses veiy well Using lossless bi-level compression 
algorithms such as SMG4 fax as discussed in Section 8.1.2.3.1, ten-point plain text compresses with a 
ratio of about 50:1. Lossless bi-level compression across an average page is about 20:1 with 10:1 possible 
for pages which compress poorly. The requirement for SoPEC is to be able to print text at 10:1 compres- 
sion. Assuming 10:1 compression gives compressed page sizes of 0.74 MB at 800 dpi. and 2 95 MB at 
1600 dpi. 

Once dithered, a page of CMYK contone image data consists of 1 16MB of bi-level data. Using lossless bi- 
level compression algorithms on this data is pointless precisely because the optimal dither is stochastic - 
i.e. since it introduces hard-to-compress disorder. 

Netpage tag data is optionally suppUcd with the page image. Rather than storing a compressed bi-level 
data layer for the Netpage tags, the tag data is stored in its raw form. Each tag is supplied up to 1 20 bits of 
raw variable data (combined with up to 56 bits of raw fixed data) and covers up to a 6mm x 6mm area (at 
1600 dpi). The absolute maximum number of tags on a A4 page is 15,540 when the tag is only 2mm x 
2mm (each tag is 126 dots x 126 dots, for a total coverage of 148 tags x 105 tags). 15.540 tags of 128 bits 
per tag gives a compressed tag page size of 0.24 MB, 

The multi-layer compressed page image format therefore exploits the relative strengths of lossy JPEG con- 
tone image compression, lossless bi-level text compression, and tag encoding. The format is compact 
enough to be storage-efficient, and simple enough to allow straightforward real-time expansion during 
printing. 

Smce text and images normally don't overiap, the normal worst-case page image size is image only, while 
the normal best-case page image size is text only. The addition of worst case Netpage tags adds 0.24MB to 
the page image size. The worst-case page image size is text over image plus tags. The average page size 
assumes a quarter of an average page contains images. Table 1 shows data sizes for compressed Letter 
page for these different options. 









Image only (contone), 10:1 compression 


2.63 MB 


3.76 MB 


Text only (l>i-levBl). 10:1 compression 


0.74 MB 


2.95 MB 


Netpage tags, 1600 dpi 


0.24 M8 


0.24 MB 


Worst case (text + image tags) 


3.61 MB 


6.67 MB 


Average (text -i- 25% image tags) 


1.64 MB 


4.25 MB 



6.2 DOCUMENT Data Flow 



The Host PC rasterizcs and compresses the incoming document on a page by page basis. The page is 
restructured into bands with one or more bands used to construct a page. The compressed data is then 
transferred to the SoPEC device via the USB link, A complete band is stored in SoPEC embedded mem- 
ory. Orice the band transfer is complete the SoPEC device reads the compressed data, expands the band, 
normalizes contone, bi-lcvei and tag data to 1600 dpi and transfers the resultant calculated dots to the bi- 
lithic printhead. 

The document data flow is 
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• The RIP software rasterizes each page description and compress the rasterized page image. 

• d?ii?f"*^ ''^^ optionally contains encoded Netpage [5] tags at a programmable 

• b^dh^r^ ^^^^ " transferred to the SoPEC device via the USB normally on a band by 

• The print engine takes the compressed page image and starts the page expansion. 

• The first stage page expansion consists of 3 operations performed in parallel 

• expansion of the JPEG-compressed contone layer 

• expansion of the SMG4 fax compressed bi-level layer 

• encoding and rendering of the bi-level tag data. 

• The second stage dithers the contone layer using a programmable dither matrix, producing up to four 
bi-level layers at fiiU-resolution. e lom 

• The second stage then composites the bi-level tag data layer, the bi-level SMG4 fax de-compressed 
layer and up to four bi-level JPEG de-compressed layers into the full-resolution page image. 

• A fixative layer is also generated as required. 

• The last stage formats and prii«s the bi-level data through the bi-lithic printhead via the printhead inter- 

The SoPEC device can print a full resolution page with 6 color planes. Each of the color planes can be 
generated from compressed data through any channel (either JPEG compressed, bi-level SMG4 fex com- 
pressed, tag data generated, or fixative channel created) with a maximum number of 6 data channek from 
page RIP to bi-lithic printhead color planes. «vuuicis irom 

The mapping of data channels to color planes is programmable, this allows for multiple color planes in the 
pnnthead to map to the same data channel to provide for redundancy in the printhead to assist dead nozzle 
compensation. 

Also a data channel could be used to gate data from another data channel. For example in stencil mode 
data froni the bilevel data channel at 1600 dpi can be used to filter the contone data channel at 320 dpi hv- 
mg the effect of 1600 dpi contone image. ' 

6.3 Page considerations due to SoPEC 

The SoPEC device typically stores a complete page of document data on chip. The amount of storage 
available for compressed pages is limited to 2Mbytes. imposing a fixed maximum on compressed page 
size. A comparison of the compressed image sizes in Table 1 indicates that SoPEC would not be capable 
of printing worst case pages unless they are split into bands and printing commences before all the bands 
for die page have been downloaded. The page sizes in the table are shown for comparison purposes and 
would be wnsidered reasonable for a professioikl level printing system. Hie SoPEC device is aimed at the 
confer level and would not be required to prim pages of that complexity. Target document types for the 
SoPEC device are shown Table 2. ^ ^ir 



Table 2. Page content targets for SoPEC 







^^^^^^ 




Best Case picture Image. 267ppi with 3 colors, A4 size 


8.26x11.7x267x267x3 ®10:1 


1.97 


Full page text, SOOdpt A4 size 


8.26x11,7x800x800 O 10:1 


0.74 
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Table 2. Page content targets for SoPEC 




Mixed Graphics and Text 

- Image of 6 inches x 4 inches O 267 ppi and 3 colors 

- Remaining area text -73 inches^, 800 dpi 



6x4x267x267x3 9 5:1 
800x800x73 e 10:1 



1.55 



Best Case Photo, 3 Colors, 6.6 Megapixel Image 



6.6 Mpixel ^ 10:1 



2.00 



If a document with more complex pages is required, the page RIP software in the host PC can deteimine 
that there is insufficient memory storage in the SoPEC for that document In such cases the RIP software 
can t3k& two courses of action. It can increase the compression ratio until the compressed page size will fit 
in the SoPEC device, at the expense of document quality, or divide the page into bands and allow SoPEC 
to begin printing a page band before all bands for that page are downloaded. Once SoPEC starts printing a 
page it cannot stop, if SoPEC consumes compressed data faster than the bands can be downloaded a buffer 
underrun error could occur causing the print to fail. A buffer undemin occurs if line synchronisation pulse 
is received before a line of data has been transferred to the printhead. 

Other options which can be considered if the page does not fit completely into the compressed page store 
are to slow the printing or to use multiple SoPECs to print parts of the page. A Storage SoPEC (Section 
7.2.S) could be added to the system to provide guaranteed bandwidth data delivery. The print system could 
also be constructed using an ISI-Bridge chip (Section 7.2.6) to provide guaranteed data delivery. 
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7 Memjet Printer Architecture 

The SoPEC device can be used in several printer configurations and architectuies. 

In the general sense every SoPEC based printer architecture will contain: 

• One or more SoPEC devices, 

• One or more bi-lithic printheads. 

• Two or more LSS busses. 

• Two or more QA chips. 

• USB 1 . 1 connection to host or ISI connection to Bridge Chip. 
I • ISI bus connection between SoPECs (when multiple SoPECs are used). 

Some example printer configurations as outlined in Section 7.2. The various system components are out- 
lined briefly in Section 7. 1 . 

7.1 System Components 

7.1,1 SoPEC Print Engine Controller 

The SoPEC device contains several system on a chip (SoC) components, as well as the print engine pipe- 
line control application specific logic. 

71 f . f . i Print Engine Pipeline (PEP) Logic 

The PEP reads compressed page store data firom the embedded memory, optionally decompresses the data 
and formats it for sending to the printhcad. The print engine pipeline functionality includes expanding the 
page image, dithering the contone layer, compositing the black layer over the contone layer, rendering of 
Netpage tags, compensation for dead nozzles in the printhead, and sending the resultant image to the hi- 
lithic printhead. 

7- f . 1. 2 Embedded CPU 

SoPEC contains an embedded CPU for general purpose system configuration and management. The CPU 
performs page and band header processing, motor control and sensor monitoring (via the GPIO) and other 
system control functions. The CPU can perform buffer management or report buffer status to the host. The 
CPU can optionally run vendor application specific code for general print control such as paper ready 
monitoring and LED status update. 

7. 1. 1 3 Embedded Memory Buffer 

A 2.5Mbyte embedded memory buffer is integrated onto the SoPEC device, of which q>proxiniately 
2Mbytes are available for compressed page store data. A compressed page is divided into one or more 
bands, with a number of bands stored in memory. As a band of ^e page is consumed by the PEP for print- 
ing a new band can be downloaded. The new band may be for the current page or the next page. 

Using banding it is possible to begin printing a page before the complete compressed page is downloaded, 
but care must be taken to ensure that data is always available for printing or a buffer underrun may occur. 

An Storage SoPEC acting as a memory buffer (Section 7.2.5) or an ISI-Bridge chip with attached DRAM 
(Section 7.2.6) could be used to provide guaranteed data delivery. 
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7.i.i.4 Embedded USB i.i Device 

I The embedded USB I.I device accepts compressed page data and control commands from the host PC, 

and facilitates the data transfer to either embedded memory or to another SoPEC device in multi-SoPEC 
systems. 



7.1.2 Bi-lithtc Printhead 

The printhead is constructed by abutting 2 printhead ICs together. The printhead ICs can vary in size from 
2 inches to 8 inches, so to produce an A4 printhead several combinations are possible. For example two 
printhead ICs of 7 inches and 3 inches coidd be used to create a A4 printhead (the notation is 7:3). Simi- 
larly 6 and 4 combination (6:4), or 5:5 combination. For an A3 printhead it can be constructed from 8:6 or 
an 7:7 printhead IC combination. For photographic printing smaller printheads con be constructed. 

7.1.3 LSS interface bus 

Each SoPEC device has 2 LSS system bxises for conmiunication with QA devices for system authentica- 
tion and ink usage accounting. The number of Q A devices per bus and their position in the system is unre- 
stricted with the exception that PRINTER jQA and INKjQA devices should be on separate LSS busses. 



7.1.4 QA devices 

Each SoPEC system can have several QA devices. Normally each printing SoPEC will have an associated 
PRJNTER^QA. Ink cartridges will contain an INKjQA chip. PRINTER _QA and INKjQA devices should 
be on separate LSS busses. All QA chips in the system are physically identical with flash memory contents 
defining PRINTER jQA from INKjQA chip. 



7.1.5 ISt interface 



The Inter-SoPEC Interface (ISI) provides a commimication chaimcl between SoPECs in a multi-SoPEC 
system. The ISIMaster can be SoPEC device or an ISI-Bridge chip depending on the printer configuration. 
Both compressed data and control commands arc transferred via the interface. 



7.1.6 ISI-Bndge Chip 



A device, other than a SoPEC with a USB connection, which provides print data to a niunber of slave 
SoPECs. A bridge chip will typically have a high bandwidth connection, such as USB2.0, Ethernet or 
IEEE 1394, to a host and may have an attached external DRAM for compressed page storage. A bridge 
chip would have one or more ISI interfaces. The use of multiple ISI buses would allow the construction of 
independent print systems within die one printer. The ISI-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 



7.2 Possible SoPEC Systems 

Several possible SoPEC based system architectures exist. The following sections outline some possible 
architectures. It is possible to have extra SoPEC devices in the system used for DRAM storage. The QA 
chip configurations shown are indicative of the flexibility of LSS bus architecture, but not limited to those 
configurations. 
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7.2.1 A4 Simplex with 1 SoPEC device 




U8B from Host ^ 



prfntheid assembly 

■ — — — — «.j 

Figure 3. Single SoPEC A4 Simptex system 

In Figure 3, a single SoPEC device can be used to control two printhead ICs. The SoPEC receives com- 
pressed data through the USB device from the host. The compressed data is processed and transferred to 
the printhead. 



7.2.2 A4 Duplex with 2 SoPEC devices 



USB from Host 




highspeed 
^->> low speed 



Frgure4. Dual SoPEC A4 Duplex system 

In Figure 4, two Sol>EC devices are used to control two bi-lithic printheads, each with two printhead ICs. 
Each bi-Iithic printhead prints to opposite sides of the same page to achieve duplex printing. The SoPEC 
connected to the USB is the ISIMaster SoPEC. the remaining SoPEC is an ISISlave. The ISIMaster 
receives all the compressed page data for both SoPECs and rc-distributes the compressed data over the 
Inter-SoPEC Interface (ISI) bus. 
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SI 



It may not be possible to print an A4 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host may not have enough bandwidth. An alternative would be for each SoPEC to have its own 
USB 1 . 1 connection. This would allow a faster average print speed 



7.2.3 A3 Simplex with 2 SoPEC devices 



USB from Host 




high 8p««d 
•4-^ low speed 



. .ednthaadfisseinbly^ 

Figure 5. Dual SoPEC A3 simplex system 



In Figure 5, two SoPEC devices are used to control one A3 bi-lithic printhcad Each SoPEC controls only 
one printhcad IC (the remaining PHI port typically remains idle). The USB 1.1 connection defines the ISI- 
Nfaster SoPEC. In this dual SoPEC configuration the compressed page store data is split across 2 SoPECs 
giving a total of 4Mbyte page store, this allows the system to use compression rates as in an A4 architec- 
ture, but with the increased page size of A3. The ISIMaster receives all the compressed page data for all 
SoPECs and re-distributes the compressed data over the Intcr-SoPEC Interface (ISI) bus. 
It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes eveiy 2 seconds will therefore print slower. An altemative would be for each SoPEC 
to have its own USB 1.1 connection. This would allow a faster average print speed. 
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7.2.4 A3 Duplex with 4 SoPEC devices 



J3 



highspeed 
O low speed 



USB 




. grinthead assembly. 



Figure 6. Quad SoPEC A3 duplex system 



In Figure 6 a 4 SoPEC system is shown. It contains 2 A3 bi-Iithic printheads, one for each side of an A3 
page. Each printhead contain 2 printhead ICs, each printhead IC is controlled by an independent SoPEC 
device, with the remaining PHI port typically unused. Again die USB 1.1 connection defines the ISIMaster 
with the other SoPECs as ISISIaves. In total, the system contains SMbytes of compressed page store 
(2Mbytes per SoPEC), so the increased page size does not degrade die system print quality, from that of an 
A4 simplex printer. The ISIMaster receives all the compressed page data for all SoPECs and re-distributes 
the compressed data over the Inter-SoPEC Inter&ce (ISI) bus. 

It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1 . 1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes every 2 seconds will therefore print slower. An alternative would be for each SoPEC 
or set of SoPECS on the same side of the page to have their own USB 1 , 1 connection. This would allow a 
faster average print speed. 
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7.2.5 SoPEC DRAM storage solution: A4 Simplex with 1 printing SoPEC and 1 memory SoPEC 



USB from 




highspeed 
low speed 



I printhead assembly 

Figure 7. SoPEC A4 Simplex system with extra SoPEC used as ORAM storage 



Extra SoPECs can be used for DRAM storage e.g. in Figure 7 an A4 simplex printer can be built with a 
single extra SoPEC used for DRAM storage. The DRAM SoPEC can provide guaranteed bandwidth deliv- 
ery of data to the printing SoPEC, SoPEC configurations can have multiple extra SoPECs used for DRAM 
storage. 
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7.2.6 ISI-Bridge chip solution: A3 Duplex system wiUi 4 SoPEC devices 



r — — — — — — — 1 

I replaceable i 
t Ink cartridge i 




Figure 8. A3 duplex system featuring four printing SoPECs 



In Figure 8, an ISI-Bridge chip provides slave-only ISI connections to SoPEC devices. Figure 8 shows a 
ISI-Bridge chip with 2 separate ISI ports. The ISI-Bridge chip is the ISIMaster on each of the ISI busses it 
is connected to. All connected SoPECs are ISlSlaves. The ISI-Bridge chip will typically have a high band- 
width connection to a host and may have an attached external DRAM for compressed page storage. 

An alternative to having a ISI-Bridge chip would be for each SoPEC or each set of SoPECs on the same 
side of a page to have their own USB 1.1 connection. This would allow a faster average print speed. 



Doc: So PEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 24 



SoPEC : Hardware Design 



8 Page Format and Printflow 

When rendering a page, the RIP produces a page header and a number of bands (a non-blank page requires 
at least one band) for a page. The page header contains high level rendering parameters, and each band 
contains compressed page data. The size of the band will depend on the memory available to the RIP, the 
speed of the RIP, and the amount of memory remaining in SoPEC while printing the previous band(s). Fig- 
ure 9 shows the high level data structure of a number of pages with different numbers of bands in the page. 



blank page 



singfe band page 



2 band page 



multt band page 



page header 



page header 



bandO 



page header 



bandO 



bandl 



page header 



bandO 



bandn 



Figure 9. Pages containing different numbers of bands 

Each compressed band contains a mandatory band header, an optional bi-Ievel plane, optional sets of inter- 
leaved contone planes, and an optional tag data plane (for Netpage enabled applications). Since each of 
these planes is optional ^ the band header speci^es which planes are included with the band. Figure 10 
gives a high-level breakdown of the contents of a page band. 



band n 




band header 



bHevel plane 



contone plane 



tag data plana 



Figure 10. Contents of a page band 

A single SoPEC has maximum rendering restrictions as follows: 

• 1 bi-level plane 

• 1 contone interleaved plane set containing a maximum of 4 contone planes 

• 1 tag data plane 

• a bi-lithic printhead with a maximum of 2 printhead ICs 
The requirement for single-sided A4 single SoPEC printing is 

• average contone JPEG compression ratio of 10: 1 , with a local minimum compression ratio of 5: 1 for a 
single line of interleaved JPEG blocks. 



1 . Although a band must contain at least one plane 
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« average bi-level compression ratio of 10: 1» with a local minimuni compression ratio of 1 :1 for a single 
line. 

If the page contains rendering parameters that exceed these specifications, then the RIP or the Host PC 
must split the page into a format that can be handled by a single SoPEC 

In the general case, the SoPEC CPU must analyze the page and band headers and generate an appropriate 
set of register write commands to configure the units in SoPEC for that page. The various bands are passed 
to the destination SoPEC(s) to locations in DRAM determined by the host. 

The host keeps a memory map for the DRAM, and ensures that as a band is passed to a SoPEC, it is stored 
in a suitable free area in DRAM. Each SoPEC is connected to the ISI bus or USB bus via its Serial com- 
munication Block (SCB). The SoPEC CPU configures the SCB to allow compressed data bands to pass 
from the USB or ISI through the SCB to SoPEC DRAM. Figure 1 1 shows an example data flow for a page 
destined to be printed by a single SoPEC. Band usage information is generated by the individual SoPECs 
and passed back to the host. 



Host RIP 



SCB 



SoPEC's ORAM 



page/band header 



bhlevel plane 



oontone intartoaved 
plane 



tag data plane 
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page/band header 



bi-leveJ plane 



contone intaheaved 
plane 




tag data plan© 



feglstar commands 4 



CPU 



SoPEC's Registers 



Figure 11. Page data path from host to SoPEC 

SoPEC has an addressing mechanism that permits circular band memory allocation, thus facilitating easy 
memory management. However it is not strictly necessary that all bands be stored together. As long as the 
appropriate registers in SoPEC are set up for each band, and a given band is contiguous ^ the memory can 
be allocated in any way. 



1. Contiguous allocation also includes wrapping around in SoPEC*s band store memory. 
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8.1 Print engine example page format 

This section describes a possible format of compressed pages expected by the embedded CPU in SoPEC, 
The fonnat is generated by software in the host PC and interpreted by embedded software in SoPEC. This 
section indicates the type of information in a page format structure, but implementations need not be lim- 
ited to this fonnat The host PC can optionally perform the majority of the header processing. 

The compressed fonnat and the print engines are designed to allow real-time page expansion during print- 
ing, to ensure that printing is never interrupted in the middle of a page due to data undemm. 

The page format described here is for a single black bi-level iayer» a contone layer, and a Netpage tag 
layer. The black bi-leve! layer is defined to composite over the contone layer. 

The black bi-level layer consists of a bitmap containing a 1-bit opacity for each pixel. This black layer 
matte has a resolution which is an integer or non-integer factor of the printer's dot resolution. The highest 
supported resolution is 1600 dpi. i.e. the printer's full dot resolution. 

The contone layer, optionally passed in as YCiCb, consists of a 24-bit CMY or 32-bit CMYK color for 
each pixel. This contone image has a resolution which is an integer or non-integer factor of the printer*s 
dot resolutiorL The requirement for a single SoPEC is to support 1 side per 2 seconds A4/Letter printing at 
a resolution of 267 ppi, i.e. one-sixth the printer's dot resolution. 

Non-integer scaling can be performed on both the contone and bi-Ievel images. Only integer scaling can be 
performed on the tag data. 

The black bi-level layer and the contone layer are both in compressed form for efficient storage in the 
printer's intemal memory. 



8.1.1 Page structure 

A single SoPEC is able to print with full edge bleed for Letter and A3 via different stitch part combina- 
tions of the bi-lithic printhead. It imposes no margins and so has a printable page area which corresponds 
to the size of its paper. The target page size is constrained by the printable page area, less the explicit (tar- 
get) left and top margins specified in the page description. These relationships are illustrated below. 



ta/get top margin 



target bonom margin 



- target page 

' printabls paga area 
(physical page) 



Figure 12. Page structure 
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8.1.2 Compressed page format 

Apart from being implicitly defined in relation to the printable page area, each page description is com- 
plete and self-contained. There is no data stored separately from the page description to which the page 
description refers. ^ The page description consists of a page header which describes the size and resolution 
of the page, followed by one or more page bands which describe the actual page content 

8.1.2,1 Page header 

Table 3 shows an example format of a page header. 

Table 3. Page header format 



signature 


16-bit integer 


Page header format signature. 


version 


16-bft Integer 


Page header format version number. 


structuro size 


16-bit integer 


Si?^ rtf AAAA hAsiH^r 


band count 


16-bit integer 


Number of bands specified for this page. 


target resolution (dpi) 


1&-blt integer 


Resofution of target page. This is always 1600 for the Memjet 
printer. 


target page width 


16-bil integer 


Width of target page, in dots. 


target page height 


32-bit integer 


Height of target page, in dots. 


target left margin for black and 
oontone 


16-bit integer 


Width of target left margin, in dots, for bfack and contone. 


target top margin tor btacic and 
contone 


16-bit integer 


Height of target top margin, in dots, for black and contone. 


target right mar^n for black and 
contone 


1 6-br1 integer 


Width of target right margin, in dots, for black and oontone. 


target bottom margin for black 
Bind contone 


16-blt integer 


Height of target tx)ttom margin, in dots, for blade and contone. 


target left margin for tags 


16-bit integer 


Width of target left margin, in dots, for tags. 


target top margin for tags 


1 6-bit integer 


Height of target top margin, in dots, for tags. 


target right margin for tags 


16-bit integer 


Width of target right margin, in dots, for tags. 


target bottom margin for tags 


1 6-bit integer 


Height of target tx)ttom margin, in dots, for tags. 


generate tags 


1 6-bft integer 


Specifies whether to generate tags for this page (0 - no. 1 • 
yes). 


fixed tag data 


128-bit integer 


This is only valid if generate tags is set 


tag verticaJ scate factor 


16-bft integer 


Scale factor in vertical direction from tag data resolution to tar- 
get resolution. Valid range = 1-51 1. Integer scaling only 


tag horizontal scale tactor 


le-bit integer 


Scale factor in horizontal direction from tag data resolution to 
target resolutfon. Vaiki range s 1-51 1 . Integer scaling only. 


bi-levet layer vertical scale factor 


16-bit integer 


Scale factor in vertk:al direction from bMevel resolution to tar- 
get resolution (must t)e 1 or greater). May be non-integer. 
Expressed as a fraction with upper d-bits the numerator and 
th e fowe r 8 bits the denominator. 



1 . SoPEC relics on dither matrices and tag structures to have already been set up, but these are not considered to be part of a general page 
format. U is trivial to extend the page format to allow exact specification of dither matrices and tag structures- 
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Table 3. Page header format 











bf-tevet layer horizontal scale fac- 
tor 


16-bn integer 


Scale factor in horizontal direction from bi-ievel resolution to 
target resolution (must be 1 or greater). May be non-integer 
Expressed as a fraction with upper e-bits the numerator and 
the lower 8 bits the denominator. 


bMevel layer page width 


16*bn integer 


Width of bi-level layer page, in pixels. 


bHevel layer page height 


32-bit integer 


Height of bi-ievel layer page, in pixels. 


oontone flags 


.16 bit integer 


Defines the color conversion that is required for the JPEQ 
data. 

Bits 2-0 specify how many contone planes there are (e.g. 3 for 
CMY and 4 for CMYK). 

Bit 3 specifies whether the first 3 color planes need to be con- 
verted back from YCrCb to CMY. Only valid If b2-0 » 3 or 4. 

0 - no conversion, leave JPEG colors atone 

1 - color convert 

Bits 7-4 spedfies whether the YCrCb was generated cfirectly 
from CMY, or whether It was converted to RGB first via the 
step: R = 255-C, G = 255-M, B = 255-Y. Each of the oolor 
planes can be individually Inverted. 
Bit 4: 

0 • do not Invert color plane 0 

1 - Invert odor plane 0 
Bits: 

0 - do not invert color plane 1 

1 - Invert color ptane 1 
Bit 6: 

0 • do not invert color plane 2 

1 - Invert odor plane 2 
Bit 7: 

0 • do not invert oolor plane 3 

1 - invert color plane 3 

Bit 8 specifies whether the contone data is JPEG compressed 
or non-oompressed: 

0 - JPEG compressed 

1 - non-compressed 

The remaining bits are reserved (0). 


oontone vertical scale factor 


16-bit Integer 


Scale factor in vertical direction from oontone channel resolu- 
tion to target resolution. Valid range = 1 -255. May be non-inte- 
ger. ' 

Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 






oontone horizontal scale tactor 


16-bit integer 


Scale factor in horizontal direction from contone channel reso- 
lution to target resolution. Valid range = 1-255. May be non- 
integer. 

Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits ttie denominator. 


oontone page width 


16-bft integer 


Width of contone page. In contone pixels. 


contone page height 


32-bjt integer 


Height of contone page. In contone pixels. 


reserved 


up to 128 
bytes 


Reserved and 0 pads out page header to multiple of 1 28 
bytes. 



The page header contains a signature and version which allow the CPU to identify the page header format 
If the signature and/or version arc missing or incompatible with the CPU, then the CPU can reject the 
page. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 29 



SoPEC : Hardware Design 



The contone flags define how many contone layers are present, which typically is used for defining 
whether the contone layer is CMY or CMYK. Additionally, if the color planes are CMY. they can be 
optionally stored as YCrCb, and further optionally color space converted fi-om CMY directly or via RGB. 
Finally the contone data is specified as being either JPEG compressed or non-compressed. 

The page header defines the resolution and size of the target page. The bi-level and contone layers are 
clipped to the target page if necessary. This happens whenever the bi-Ievel or contone scale factors are not 
factors of the taiget page width or height. 

The target left, top, right and bottom margins define the positioning of the target page within the printable 
page area. 

The tag parameters specify whether or not Netpagc tags should be produced for this page and what orien- 
tation the tags should be produced at (landscape or portrait mode). The fixed tag data is also provided 
The contone, bi-level and tag layer parameters define the page size and the scale factors. 

8. i.2.2 Band format 

Table 4 shows the format of the page band header. 



Table 4. Band header format 







sjonature . 


le^it integer 


Page band header format signature. 


versfon 


16-bit integer 


Page Ijand header format version number. 


structure size 


16-bit Integer 


Size of page band header. 


bi-level layer band height 


16-biHnteger 


Height of bMevel layer band, in black pixels. 


bi-levet layer band data size 


32-bH integer 


Size of bi-level layer band data« in bytes. 


contone band height 


16-bl1 integer 


Height of contone band, In contone pixels. 


contone band data size 


32-t»t integer 


Size of contone plane band data, in t)ytes. 


tag band hetflht 


16'bi1 integer 


Height of tag band. In dots. 


lag band data size 


32-6^ integer 


Size of unencoded tag data t>and. in bytes. 
Can be 0 which indicates that no tag data is 

provided. 


reserved 


up to 128 
bytes I 


Reserved and 0 pads out band header to 
multiple of 128 bytes. 



The bi-level layer parameters define the height of the black band, and the size of its compressed band data. 
The variable-size black data follows the page band header. 

The contone layer parameters define the height of the contone band, and the size of its compressed page 
data. The variable-size contone data follows the black data. 

The tag band data is the set of variable tag data halMines as required by the tag encoder. The format of the 
tag data is found in Section 26.5.2. The tag band data follows the contone data. 

Table 5 shows the format of the variable-size compressed band data which follows the page band header. 



Table 5, Page band data format 









blade data 


Modified G4 facsimile bitstream^ 


Compressed bi-level layer. 


contone data 


JPEG bytestream 


Compressed contone datatayer. 


tag data map 


Tag data array 


Tag data format. See Section 26.5.2. 
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See section 8.1 .2.3 on page 31 for note regarding the use of this standard 

The start of each variable-size segment of band data should be aligned to a 256-bit DRAM word boundaiy. 

The following sections describe the format of the compressed bi-level layers and the compressed contone 
layer, section 26.5.1 on page 365 describes the format of the tag data structures. 

B.1.2.3 BNevel data compression 

The (typically 1 600 dpi) black bi-level layer is losslessly compressed using Silvcibrook Modified Group 4 
(SMG4) compression which is a version of Group 4 Facsimile compression [18] without Huffman and 
with simplified lun length encodings. Typically compression ratios exceed 10:1. The encoding are listed in 
Table 6 and Table 7 



Table 6. BNLeveJ group 4 facsimile style compression encodings 













Imlle 


1000 


Pass Command: aO 4- b2, skip next two edges 


1 


Vertical(0): aO b1 , color = Icolor 




110 


Vertical(1 ): aO <- b1 + 1 , cotor = Icolor 


-I 


010 


VerticaK-1): aO «- b1 - 1 , color = tcolor 


?i 

So 


110000 


VeiUcaJ(2): aO b1 + 2, color = Icolor 


010000 


Vertical(-2): aO <- b1 - 2, color a tcblor 


c 

M O 


100000 


Verlical(3): aO <- b1 + 3, color = (color 


)thi 
itati 


oooooo 


Verttca[(-d): aO <- b1 - 3. color » lodor 




<Rlj><RL>100 


Horizontal: aO <- aO 4 <RL> <i- <RL> 


H 
it 







SMG4 has a pass through mode to cope with local negative compression. Pass through mode is activated 
by a special lun-length code. Pass through mode continues to either end of line or for a pre-programmed 
number of bits, whichever is shorter The special run-length code is always executed as a nm-length code, 
followed by pass through. The pass through escape code is a medium length run-length with a run of less 
than or equal to 31. 



Table 7. Run length (RL) encodings 



EM 








RRRRR1 


Short Black Runlength (5 bits) 




RRRRR1 


Short White Runlength (5 bits) 




RRRRRRRRRR10 


Medium Black Runlength (10 bits) 




RRRRRRRR10 


Medium White Runlength (8 bits) 


C 

a% o 


RRRRRRRRRR10 


Medium Black Runlength with RRRRRRRRRR <= 31, 
Enter pass through 


le to thi 
mentat 


RRRRRRRR10 


Medium White Runlength with RRRRRRRR <= 31. 
Enter pass through 


niqu 


RRRRRRRRRRRRRRROO 


Long Black Runlength (15 bits) 


3 .5 


RRRRRRRRRRRRRRROO 


Long White Runlength (15 bits) 
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Since the compression is a bitstream, the encodings are read right (least significant bit) to left (most signif- 
icant bit). The run lengths given as RRRR in Table 7 are read in the same way (least significant bit at the 
right to most significant bit at the left). 

Each band of bi-Ievel data is optionally self contained. The first line of each band tiierefore is based on a 
•previous' blank line or the last line of the previous band. 




8.1.2.3.1 Group 3 and 4 fecsimile compression 

The Group 3 Facsimile compression algorithm [18] losslessly compresses bi-level data for transmission ♦ 
over slow and noisy telephone lines. The bi-level data represents scanned black text and graphics on a 
white background, and the algorithm is tuned for this class of images (it is explicitly not tuned, for exam- 
ple, for hal/toned bi-level images). The ID Group 3 algorithm runiength-encodes each scanline and then 
Huffman-encodes the resulting runlengths. Runlengths in the range 0 to 63 arc coded with terminating 
codes. Runlengths in the range 64 to 2623 are coded with make-up codes, each representing a multiple of 
64. followed by a terminating code. Runlengths exceeding 2623 are coded with multiple make-t^ codes 
followed by a terminating code. The Huffman tables are fixed, but arc separately tuned for black and white 
mns (except for make-up codes above 1728, which are common). When possible, the 2D Group 3 algo- 
rism encodes a scanline as a set of short edge deltas (0. ±1. ±2. ±3) with reference to the previous scan- 
line. The delta symbols are entropy-encoded (so that the zero delta symbol is only one bit long etc.) Edges 
within a 2D.encoded Une which can't be delta-encoded axe runlength-encoded, and are identified by a pre- 
fix. 1 D- and 2D-cncoded Unes are marked differently. ID-encodcd lines are generated at regular intervals, 
whether actually required or not, to ensure that the decoder can recover from line noise with minimal 
image degradation. 2D Group 3 achieves compression ratios of to 6:1 [28]. 

The Group 4 Facsimile algorithm [18] losslessly compresses bi-level data for transmission Qy fit error-free 
communications lines (i.e. the lines are truly error-free, or error-correction is done at a lower protocol 
level). The Group 4 algorithm is based on the 2D Group 3 algorithm, with the essential modification that 
since transmission is assumed to be error- free, ID-encoded lines are no longer generated at regular inter- 
vals as an aid to error-recovery. Group 4 achieves compression ratios ranging from 20:1 to 60* 1 for the 
CCnr set of test images [28]. 

The design goals and performance of the Group 4 compression algorithm qualify it as a compression algo- 
rithm for the bi-level layers. However, its Huffman tables are tuned to a lower scanning resolution (100- 
400 dpi), and it encodes runlengths exceeding 2623 awkwardly. 



8.1.2.4 Contone data compression 

The contone layer (CMYK) is either a non-compressed bytestream or is compressed to an interleaved 
JPEG bytestream. The JPEG bytestream is complete and self-contained. It contains all data required for 
decompression, including quantization and Huffman tables. 

The contone data is optionally converted to YCiCb before being compressed (there is no specific advan^ 
tage m color-space converting if not compressing). Additionally, the CMY contone pixels are optionally 
converted (on an individual basis) to RGB before color conversion using R=255-C, G=255-M, B=255-Y 
Optional bitwise inversion of the K plane may also be performed. Note that this CMY to RGB conversion 
is not mtended to be accurate for display puiposeis. but rather for the purposes of later converting to 
YCrCb. The inverse transform will be applied before printing. 



8.1.2.4.1 JPEG compression 

The JPEG compression algorithm [23] lossily compresses a contone image at a specified quality level. It 
introduces imperceptible image degradation at compression ratios below 5:1, and negligible image degra- 
dation at compression ratios below 10:1 [29]. 
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JPEG typically first transforms the image into a color space which separates luminance and chrominance 
into separate color channels. This allows the chrominance channels to be subsampled without appreciable 
loss because of the human visual system's relatively greater sensitivity to luminance than chrominance. 
After this first step, each color channel is compressed separately. 

The image is divided into 8x8 pixel blocks. Each block is then transformed into the frequency domain via 
a discrete cosine transform (DCT). This transformation has the effect of concentrating image enei^ in rel- 
atively lower-frequency coefficients, which allows higher- frequency coefficients to be more crudely quan- 
tized. This quan ti zation is the principal source of compression in JPEG. Further compression is achieved 
by ordering coefficients by frequency to maximize the likelihood of adjacent zero coefficients, and then 
runlength-encoding runs of zeroes. Finally, the runlengths and non-zero frequency coefficients are entropy 
coded. Decompression is the inverse process of compression. 

8.1.2.4.2 Non-compressed format ^ 

If the contone data is non-compressed; it must be in a block-based format bytestream with the same pbtel 
order as would be produced by a JPEG decoder. The bytestream therefore consists of a series of 8x8 block 
of the original image, starting with the top lef^ 8x8 block, and working horizontally across the page (as it 
will be printed) until the top rightmost 8x8 block, then the next row of 8x8 blocks (left to right) and so on 
until the lower row of 8x8 blocks Qefi to right). Each 8x8 block consists of 64 8-bit pixels for color plane 
0 (representing 8 rows of 8 pixels in the order top left to bottom right) followed by 64 8-bit pixels for color 
plane 1 and so on for up to a maximum of 4 color planes. 

If the original image is not a multiple of 8 pixels in X or Y, padding must be present (the extra pixel data 
will be ignored by the setting of margins). 

8.1.2.4.3 Compressed format 

If the contone data is compressed the first memory band contains JPEG headers (including tables) plus 
MCUs (minimum coded imits). The ratio of space between the various color planes in the JPEG stream is 
1:1:1:1. No subsampling is permitted. Banding can be completely arbitrary i.e there can be multiple JPEG 
images per band or 1 JPEG image divided over multiple bands. The break between bands is only memory 
alignment based. 

8.1.2.4.4 Conversion of RGB to YCrCb (In RIP) 

YCrCb is defined as per CCIR 601 - 1 [20] except that Y, Cr and Cb are normalized to occupy ail 256 levels 
of an 8-bit binary encoding and take account of the actual hardware implementation of the inverse trans- 
form within SoPEC. 

The exact color conversion computation is as follows: 

• Y* = (9805/32768)R + (19235/32768)G + (3728/32768)B 

• Cr* = (16375/32768)R - (1371 6/3 2768)G - (2659/32768)8 + 128 

• Cb* = -(5529/32768)R - (10846/32768)0 + (16375/32768)B + 128 

Y, Cr and Cb are obtained by rounding to the nearest integer There is no need for saturation since ranges 
of Y*, Cr* and Cb* after rounding are [0-255], [1-255] and [1-255] respectively. I^ote that Jull accuracy is 
possible with 24 bits. See [14] for more information. 
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9 Overview 



The Small Office Home Office Print Engine Controller (SoPEC) is a page rendering engine ASIC that 
takes compressed page images as input, and produces decompressed page images at up to 6 channels of bi- 
level dot data as output. The bi-level dot data is genaated for the Memjet bi-lithic printhead. The dot gen- 
eration process takes account of printhead constmction, dead nozzles, and allows for fixative generation- 
A single SoPEC can control 2 bi-lithic printheads and up to 6 color channels at 10,000 lines/sec^ equating 
to 30 pages per minute. A single SoPEC can perform full-bleed printing of A3, A4 and Utter pages. The 6 
channels of colored ink are the expected maximum in a consumer SOHO. or office Bi-lithic printing envi^ 
ronment: ® 

• CMY, for regular color printing. 

• K, for black text, line graphics and gray-scale printing. 

• IR (inftared), for Netpage-enabled [5] applications. 

• F (fixative), to enable printing at high speed Because the bi-litiiic printer is capable of printing so fast 
a fixative may be required to enable the ink to dry before die page touches the page already printed' 
Otherwise the pages may bleed on each other. In low speed printing environments the fixative may not 
be required. 

. SoPEC is color space agnostic. Although it can accept contone data as CMYX or RGBX, where X is an 
optional 4th channel, it also can accept contone data in any print color space. Additionally. SoPEC pro- 
vides a mechanism for arbitrary mapping of input channels to output channels, including combining dots 
for mk optimization, generation of channels based on any number of other channels etc. However, imuts 
are typically CMYK for contone input. K for the bi-levei input, and the optional Netpage tag dots are typ- 
ically rendered to an infira-red layer. A fixative channel is typically generated for fast printing applications. 

SoPEC is resolution agnostic. It merely provides a mapping between input resolutions and output resolu- 
tions by means of scale factors. The expected output resolution is 1600 dpi, but SoPEC actually has no 
knowledge of the physical resolution of the Bi-lithic printhead. 

SoPEC is page-length agnostic. Successive pages are typically split into bands and downloaded into the 
page store as each band of information is consumed and becomes fi-ee. 

SoPEC provides an interface for synchronization with other SoPECs. This aUows simple multi-SoPEC 
solutions for simultaneous A3/A4/Letter duplex printing. However. SoPEC is also capable of printing only 
a portion of a page image. Combining synchronization fimctionality with partial page rendering allows 
multiple SoPECs to be readily combined for alternative printing requirements including simultaneous 
duplex pnnting and wide fonnat printing. 

Table 8 lists some of the features and corresponding benefits of SoPEC. 
Table 8. Features and Benefits of SoPEC 







Optimised print architecture in hardware 


dOppm full page photographic quality color printing 
from a desktop PC 


0.1 3mlcron CMOS 
(>3 million transistors) 


High speed 

Low cost 

High funcdonaJity 



1. 10,000 lines per second equates to 30 A4/Letter pages per minute at 1600 dpi 
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Table 8. Features and Benefits of SoPEC 







wiu Mmion dots per second 


Extremely Cast page generation 


10,000 lines per second at 1 600 dpi 


0,5 A4/Letter pages per SoPEC chip per second 


1 chip drives up to 133,920 nozzles 


Low cost page-width printers 


1 chip drives up to 6 color planes 




Integrated DRAM 


No external memory required, leading to low cost 
systems 


Power saving sleep mode 


SoPEC can enter a power saving sleep mode to 
rrauce power aissipation between pnnt jobs 


JPEG expansron 


Low bandwidth from PC 

Low memory requirements in printer 


Lossless bltplane expansion 


High resolution text and line art with low bandwidth 
from PC (e.g. over USB) 


Netpaoe tao exoanslon 


Generates tnteractrve paper 


Stochastic disoarsAH rfnt Hffhar 


Optically smooth image quality 
No moire effects 


Hardware compositor for 6 image planes 


Pages composited in real-time 




Extends printhead life and yield 
Reduces printhead cost 


Color space agnostic 


COmOatitlle with Sll ink^At« ttnti imat^^i e/\itiv«AB 

Inducfing RGB, CMYK. spot. CIE L*a'b\ hex- 
achrome, YCrCbK, sRGB and ottier 


Color space conversion 


Higher quality / lower bandwidtii 


Computer Interface 

: . . 


USB1 .1 interface to Host and ISI inierfeoe to ISf* 
Bridge chip thereby allowing connection to IEEE 
1394, Btuetooth etc. 


Cascadable in resolution 


Printers of any resolution 


Cascadable In color depth 


Special color sets e.g. hexachrome can be used 


v/<«s>vciu«nwB HI ynBge SIZO 


Printers of any widtfi up to 16 inches | 


Cascadable in pages 


Printers can print both sides simultaneously | 


Cascadable In speed 


Higher speeds are possible by having each SoPEC 
print one vertical strip of tiie page. 


Fixative channel data generation 


Extremely fast ink drying without wastage 


BiiOtHn security 


Revenue models are protected 


Undercolor removal on dol-by-dot basis 


Reduced ink usage 


Does not require fonts for high speed 
operation 


No font substitution or missing fonts 


Flexible pnnttiead configuration 


Many configurations of printheads are supported by 
one chip type 


Drives Bi-liihk: prinlheads directiy 


No print driver chips required, results in lower cost ' 


Determines dot accurate Ink usage 


Removes need tor physical ink monitoring system in 
ink cartridges 



9.1 Printing rates 



The required printing rate for SoPEC is 30 sheets per minute with an inter-sheet spacing of 4 cm. To 
achieve a 30 sheets per minute print rate, this requires: 
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SOOmin X 63 (dot/mm) / 2 sec =* 1 05.8 (iseconds per line, with no inter-sheet gap. 

340mm x 63 (dot/mm) / 2 sec 93.3 ^seconds per line, with a 4 cm inter-sheet gap. 

A Printline for an A4 page consists of 13824 nozzles across the page [2]. At a system clock rate of 160 
MHz 13824 dots of data can be generated in 86.4 ^seconds. Therefore data can be generated fast enough 
to meet the printing speed requirement It is necessary to deliver this print data to the print-heads. 

Printheads can be made up of 5:5, 6:4, 7:3 and 8:2 inch printhead combinations [2). Print data is trans- 
fciied to both print heads in a pair simultaneously. This means the longest time to print a line is determined 
by the time to transfer print data to the longest print segment. There are 9744 nozzles across a 7 inch print- 
head The print data is transfeired to the printhead at a rate of 106 MHz (2/3 of the system clock rate) per 
I color plane. This means that it will take 91.9 to transfer a single line for a 7:3 prinAcad configuration. 

So we can meet the requirement of 30 sheets per minute printing with a 4 cm gap with a 7:3 printhead 
combination. There are 11 1 60 across an 8 inch printhead To transfer the data to the printhead at 1 06 MHz 
will take 1053 jis. So an 8:2 printhead combination printing with an inter-sheet gap will print slower than 
30 sheets per minute. 

9.2 SoPEC BASIC ARCHITECTURE 

From the highest point of view the SoPEC device consists of 3 distinct subsystems 

• CPU Subsystem 

• DRAM Subsystem 

• Print Engine Pipeline (PEP) Subsystem 
See Figure 1 3 for a block level diagram of SoPEC. 

CPU Subsystem 

The CPU subsystem controls and configures all aspects of the other subsystems. It provides general sup- 
port for interfacing and synchronising the extemal printer with the internal print engine. It also controls the 
low speed communication to the QA chqss. The CPU subsystem contains various peripherals to aid the 
CPU, such as GPIO (includes motor control), interrupt controller, LSS Master and general timers. The 
Serial Communications Block (SCB) on the CPU subsystem provides a full speed USBl . 1 interface to the 
Host as well as an Inter SoPEC Interface (ISI) to other SoPEC devices. 

9.2.2 DRAM Subsystem 

The DRAM subsystem accepts requests from the CPU, Serial Communications Block (SCB) and blocks 
within the PEP subsystem. The DRAM subsystem (in particular the DIU) arbitrates the various requests 
and determines which request should win access to the DRAM. The DIU arbitrates based on configured 
parameters, to allow suflBcient access to DRAM for all requestors. The DIU also hides the implementation 
specifics of the DRAM such as page size, number of banks, refresh rates etc. 

Print Engine Pipeline (PEP) subsystem 

The Print Engine Pipeline (PEP) subsystem accepts compressed pages from DRAM and renders them to 
bi-level dots for a given print line destined for a printhead interface that communicates directly with up to 
2 segments of a bi-lithic printhead. 

The fiist stage of the page expansion pipeline is the CDU, LED and TE. The CDU expands the JPEG-com- 
pressed contone (typically CMYK) layer, the LBD expands the compressed bi-level layer (typically K), 
and the TE encodes Netpage tags for later rendering (typically in IR or K ink). The output from the first 
stage is a set of buffers: the CPU, SFU, and TFU. The CPU and SFU buffers are implemented in DRAM. 



9.2.1 



9.2.3 

I 
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The second stage is the HCU, which dithers the contone layer, and composites position tags and the bi- 
level spotO layer over the resulting bi-level dithered layer. A number of options exist for the way in which 
compositing occurs. Up to 6 channels of bi-level data are produced from this stage. Note that not all 6 
channels may be present on the printhead. For example, the printhead may be CMY only, with K pushed 
into the CMY channels and IR ignored Alternatively, the position tags may be printed in K if IR ink is not 
available (or for testing purposes). 

The third stage (DNC) compensates for dead nozzles in the printhead by color redundancy and error dif- 
fusing dead nozzle data into sixrrounding dots. 

The resultant bi-level 6 channel dot-data (typically CMYK-IRF) is buflfeied and written out to a set of line 
buffers stored in DRAM via the DWU. 

Finally, the dot-data is loaded back from DRAM, and passed to the printhead interface via a dot FIFO. The 
dot FIFO accispts data fiom the LLU at the system clock rate (pclk), while the PHI removes data from the 
I FIFO and sends it to the printhead at a rate of 2/3 times the system clock rate (see Section 9.1). 
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Figure 13. SoPEC System Top Level partition 
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9.3 SoPEC Block Description 

Lookmg at Figure 13, the various units are described here in summary fonn: 



Table 9. Units within SoPEC 



'Mm 


1^ 






DRAM 


DIU 


DRAM fnterface unit 


Provides ttie interface for DRAM read and write access 
for the various SoPEC units, CPU and the SC6 block. 
The DIU provides arbitrat'on between competing units 




DRAM 


Embedded ORAM 


20Mbits of embedded ORAM, 


CPU 


CPU 


Central Processing Unit 


CPU for system configuration and control 




MMU 


Memory Management Unit 


Umits access to certain memory address areas in CPU 
user mode 




ROU 


Real-time Debug Unit 


Facilitates the observation of the contents of most of the 
CPU addressable registers in SoPEC in addition to 
some pseudo-registers in realtime. 




TIM 


General Timer 


Contains watchdog and general system timers 




LSS 


Low Speed Serial Interfaces 


Low level controller for interf^ctng with the OA chips 




GPIO 


General Purpose IDs 


General lO controller, with buiit-in Motor control unit 
LED pulse units and de-glitch circuitry 




ROM 


Boot ROM 


16 KBytes of System Boot ROM code 




iCU 


Intemipt ControUer Unit 


General Purpose interrupt oontrotter with configurable 
priority, and masking. 




CPR 


Clock. Rower and Reset 
block 


Central Unit for controlling and generating the system 
docks and resets and powerdown mechanisms 




PSS 


Power Save Storage 


Storage retained while system is powered down 




USB 


Universal Serfal Bus Device 


USB device controller for intertacing wHh the Host USB. 




ISI 


Inter-SoPEC Interface 


'IS! controller for data and control communication with 

other SoPEC'8 in a multi-SoPEC system 




SOB 


Serial Communication Block 


Contains both the USB and ISI bfocks. 
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Table 9. Units within SoPEC 





^^^^^^^^ 






Print Engine 

Pipeline 

(PEP) 


PCU 


PEP oontroller 


Provides external CPU with the means to read and write 
ftzr unii regi9iei9i onu reaa any wnie urvMVi in single 
32-bit chunks. 




CDU 




CAfKifiua tfv MJitij^itsasMnj (xniuii IB i^yi?! cuiu wmeo 
decompressed contone to DRAM 




CFU 


Contone FIFO UnH 


Provides line buffering between CDU and HCU 




LBD 


l-ossless BMevel Decoder 


Expands compressed bt*l6vel layer. 




SFU 


Spot FIFO Unit 


Provides line buffering between LBD and HCU 




TE 


Tag encoder 


Encodes tag data into line of tag dots. 




TFU 


Tag FIFO Unit 


Provides tag data storage between TE and HCU 




HCU 


Halftoner compositor unit 


Dithers contone layer and composites the b(-level spot 0 
and position tag dots. 




DNC 


Dead Nozzle Compensator 


Compensates for dead nozzles by cdor redundancy and 
error diffusing dead nozzle data into surrounding dots. 




DWU 


Dotllne Writer Unit 


Writes out the 6 channels of dot data for a given printfine 
to the line store DRAM 




LLU 


Une Loader Unit 


Reads the expanded page Image from line store, format- 
ting the data appropriately fbr the bl-lithic printhead. 




I"PHI 


PrintHead Interface 


Is responsible fbr sending dot data to the bi-lilhic print- 
heads and for providing tine synchronization betw^n 
multiple SoPECs. Also provides test interCace to print- 
head such as temperature monitoring and Dead Nozzle 
Identification. 



9.4 Addressing SCHEME IN SoPEC 

SoPEC must address 

• 20 Mbit DRAM. 

• PCU addressed registers in PEP. 

• CPU-subsystem addressed registers. 

SoPEC has a unified address space with the CPU capable of addressing all CPU-subsystem and PCU-bus 
accessible registers (in PEP) and all locations in DRAM. The CPU genetates byte-aligned addresses for 
the whole of SoPEC. 

22 bits are sufficient to byte address the whole SoPEC address space. 

9.4.1 DRAM addressing scheme 

The embedded DRAM is composed of 256'bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbits of DRAM. 

Most blocks read or write 256-bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-b2t word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 1 9 address bits i.e. bits 2 1-3 are required 

• The CPU-subsystem always generates a 22-bit byte-aligned DIU address but it will send flags to the 
DIU indicating whether it is an 8, 16 or 32-bit write. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



^9 Nov 2002 
Page 41 





SoPEC : Hardware Design 



All DIU accesses must be within the same 256-bit aligned DRAM word 



9.4.2 



PEP Unit DRAM addressing 



PEP Unit configuration registers which specify DRAM locations should specify 256-bit aligned DRAM 
addresses i.e. using address bits 2 1 :5, Legacy blocks from PEC 1 e.g. the LBD and TE may need to specify 
64-bit aligned DRAM addresses if these reused blocks DRAM addressing is difficult to modify. These 64- 
bit aligned addresses require address bits 21:3. However, these 64-bit aligned addresses should be pro- 
grammed to start at a 256-bit DRAM word boundary. 

Unlike PECl, there are no constraints in SoPEC on data oiganization in DRAM except that all data struc- 
tures must start on a 256-bit DRAM boundary. If data stored is not a multiple of 256-bits then the last word 
should be padded. 



The CPU-bus supports 32-bit word aligned read and write accesses with variable access timings. See sec- 
tion 1 1 .4 for more details of the access protocol used on this bus. The CPU-bus does not currently si^^port 
' byte reads and writes but this can be added at a later date if required by imported IR 



The PCU only supports 32-bit register reads and writes for the PEP blocks. As the PEP blocks only occupy 
a subsection of the overall address m^ and the PCU is explicitly selected by the MMU when a PEP block 
is being accessed the PCU does not need to perform a decode of the higher-order address bits. See 
Table 1 1 for the PEP subsystem address map. 



9.4.3 



CPU-bus addressed registers 



9.4.4 



PCU addressed registers in PEP 
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S3 



9.5 SoPEC Memory Map 



9.5.1 Main memory map 



The system wide memory map is shown in Figure 14 below. The memory map is discussed in detail in 
Section 1 1 Central Processing Unit (CPU). 



Accesses in this 
area are not 
allowed and 
result in a bus 
error exception. 



Accesses in this 
area are via the 
CPU bus and are 
controlled by 
permissions set in ' 
each peripheral. 




OxFFFF_FFFF 



Accesses in this 
area are via the 
DIU bus and are 
controlled by 
permissions set in \ 
the MMU. 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



0x002A^C000 
OxO02A^O00O 
0x0029.0000 
0x0028.0000 




DRAM 
Regions 



OxOOOO.OOOO 



Figure 14. Proposed SoPEC CPU memory map (not to scale) 

9.5.2 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Table 1 0 below. The MMU 
performs the decode of zpu_adr[2I:J2] to generate the relevant cpujblock _jelect signal for each block. 
The addressed blocks decode however many of the lower order bits of cpu_adr[ll:2J axe required to 
address all the registers within the block. 

Table 10. CPU-bus peripherals address nnap 



MMU.base 


0x0029.0000 


TlM_base 


Ox0029_1000 


LSS^base 


0x0029^2000 


GPIO^base 


0x0029_3000 


SCB.base 


0x0029.4000 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 43 




SoPEC : Hardware Design 



Table 10. CPU-bus peripherals address map 



ICU_base 


0x0029.5000 


CPR^base 


0x0029^6000 


ROM_base 


0x0029.7000 


DlU^base 


0x0029.8000 


PSS.base 


0x0029.9000 


Reserved 


0X0029.A000 to Ox0029_FFFF 


PCU^base 


0x002A_0000 to Ox002A.BFFF 



9.5.3 PCU Mapped Registers (PEP blocks) address map 

The PEP blocks are addressed via the PCU, From Figure 14, the PCU mapped registers are in the range 
OxO02A^0O00 to 0x002 A_BFFF. From Table 11 it can be seen that there are 12 sub-blocks within the PCU 
address space. Therefore, only four bits are necessary to address each of the sub-blocks within the PEP 
part of SoPEC A further 12 bits may be used to address any configurable register within a PEP block. This 
gives scope for 1024 configurable registers per sub-block {the PCU mapped registers are all 32-bit 
addressed registers so the upper 10 bits are required to individually address them). This address will come 
either firom the CPU or from a command stored in DRAM. The bus is assembled as follows: 

• address[15:12] = sub-block address. . 

• address[n:2J register address within sub-block, only the nimberofbits required to decode the regis- 
ters witiiin each sub-block are used, 

• address[l :0] = byte address, unused as PCU mapped registei^ are aU 32-bit addressed registers. 

So for the case of the HCU, its addresses range from 0x7000 to 0x7FFF within the PEP subsystem or from 
OxO02A_7000 to OxO02A_7FFFF in the overall system. 



Table 11. PEP blocks address map 







PCU.base 


Ox002A.OOOO 


CDU^base 


OX002A.1000 


CFU.base 


QX002A..2000 


LBO_base 


Ox002A_3000 


SFU.base 


Ox002A_4000 


TE_base 


Ox002A_5000 


TFU_base 


Ox002Aj6000 


HCU.base 


0x002A_7000 


ONC.base 


0X002A.8000 


DWU.base 


Ox002A_9000 


LLU.base 


OxOO2A_A000 


PHLbase 


OX002A.BOOO to 0X002A-BFFF 
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9.6 



Buffer management in SoPEC 



As outlined in Section 9.1, SoPEC has a requirement to print 1 side every 2 seconds Lc. 30 sides per 
minute. 



Approximately 2 Mbytes of DRAM are reserved for compressed page buffering in SoPEC. If a page is 
compressed to fit within 2 Mbyte then a complete page can be transferred to DRAM before printing. How- 
ever, the time to transfer 2 Mbyte using USB 1 . 1 is 2^}proximately 2 seconds. The worst case cycle time to 
print a page then approaches 4 seconds. This reduces the worst-case print speed to 15 pages per minute. 



The SoPEC page-expansion blocks support the notion of page banding. The page can be divided into 
bands and another band can be sent down to SoPEC while we are printing the current band. 

Therefore we can start printing once at least one band has been downloaded. 

The band size granularity should be carefully chosen to allow efficient use of the USB bandwidth and 
DRAM buffer space. It should be small enough to allow seamless 30 sides per minute printing but not so 
small as to introduce excessive CPU overhead in orchestrating the data transfer and parsing the band head- 
ers. Band-finish interrupts have been provided to notify the CPU of free buffer space. It is likely that the 
Host PC will supervise the band transfer and buffer management instead of the SoPEC CPU. 

If SoPEC starts printing before the complete page has been transferred to memory there is a risk of a buffer 
underrun occurring if subsequent bands are not transferred to SoPEC in time e.g. due to insufficient USB 
bandwidth caused by another USB peripheral consuming USB bandwidth. A buffer undemm occurs if a 
line synchronisation pulse is received before a line of data has been transferred to the printhead and causes 
the print job to fail at that line. If there is no risk of buffer undemm then printing can safely start once at 
least one band has been downloaded. 

If there is a risk of a buffer underrun occurring due to an interruption of compressed page data transfer, 
then the safest ^proach is to only start printing once we have loaded up the data for a complete page. This 
means that a worst case latency in the region of 2 seconds (with USB 1.1) will be incurred before printing 
the first page. Subsequent pages will take 2 seconds to print giving us the required sustained printing rate 
of 30 sides per minute. 

A Storage SoPEC (Section 7.2.5) could be added to the system to provide guaranteed bandwidth H ^t^ 
delivery. The print system could also be constructed using an ISI-Bridge chip (Section 7.2.6) to provide 
guaranteed data delivery. 

The most efficient page banding strategy is likely to be detemiined on a per page/ print job basis and so 
SoPEC will support the use of bands of any size. 



9.6.1 



Page buffering 



9.6.2 



Band buffering 
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15 



10 SoPEC Use Cases 



10.1 iNTROOUCTfON 

This chapter is intended to give an overview of a representative set of scenarios or use cases which SoPEC 
can perform. SoPEC is by no means restricted to the particular use cases described here. 
In this chapter we discuss SoPEC use cases under four headings: 

1) Normal operation use cases. 

2) Security use cases. 

3) Miscellaneous use cases. 

4) Failure mode use cases. 

Use cases for both single and multi-SoPEC systems are outlined. 
Some tasks may be conqiosed of a number of sub-tas!cs. 

The realtime requirements for SoPEC software tasks are discussed in "Central Processing Unit (CPU)" 
under Section 1 1.3 Realtime requirements. 

10-2 Normal operation in a single SoPEC System with USB Host connection 

SoPEC operation is broken up into a number of sections which aie outlined below. Buifer management in 
a SoPEC system is normally performed by the Host. 

10.2.1 Powerup 

Powerup describes SoPEC initialisation foUowing an external reset or the watchdog timer system reset. 
A typical powerup sequence is: 

1) Execute reset sequence for con^lete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation. USB Wakeup. 

4) Download and authentication of program (see Section 1 0.5.2). 

5) Store reusable authentication results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER^QA and audienticate operating parametcis. 

8) Download and authenticate any further datasets, 

10^.2 USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
(chapter 16). Normally the CPU sub-system and the DRAM wiU be put in sleep mode but the SCB and 
power-safe storage (PSS) will still be enabled 

Wakciqj describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. In a single SoPEC system, wakeup can be initiated following a USB reset from the SCB. 
A typical USB wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 
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4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.2). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

7) Download and authenticate using results in PSS of any further dcaasets (programs). 

10.2.3 Print initialization 

This sequence is typically performed at the start of a print job following powenip or wakeup: 

1) Check amount of ink remaining via Q A chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required 

10.2.4 Rrst page download 

Buffer management in a SoPEC system is normally performed by the Host. 
First page, first band download and processing: 

1) The Host communicates to the SoPEC CPU over the USB to chedc that DRAM space remaining is 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and writes directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining bands download and processing: 

1) Check DRAM space remaining is sufficient to download the next band 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

10.2.5 ' Start printing 

1) Wait until at least one band of the first page has been downloaded. 

One approach is to only start printing once we have loaded up the data for a complete page. If we 
start printing before the complete page has been transferred to memory we run the risk of a buffer 
underrun occurring because compressed page data was not transferred to SoPEC in rime c.g. due to 
insufficient USB bandwidth caused by another USB peripheral consuming USB bandwidth. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes. A rapid startup order for the PEP units is outlined in Table 1 2. 



Table 12. Typical PEP Unit startup order for printing a page. 







1 


DNC 


2 


DWU 


3 


HCU 
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Table 12. Typical PEP Unit s tartup order for printing a page. 

4 PHI 




5 



LLU 



6 



CFU, SRJ.TFU 



7 



CDU 



6 



TE. LBD 



3) Print ready interrupt occurs (ftom PHI). 

4) Start motor control, if first page, otherwise feed the next page. This step could occur before the print 
ready interrupt 

5) Drive LEDs, monitor paper status. 

6) Wait for page alignment via page sen5or(s) GPIO interrupt 

7) CPU instructs PHI to start producing line syncs and hence commence printing, or wait for an exter- 
nal device to produce line syncs. 

8) Continue to download bands and process page and band headers for next page. 



When the finished band flags are asserted band related registers in the CDU, LBD, TE need to be re-pro- 
grammed before the subsequent band can be printed This can be via PCU commands from DRAM. Typi- 
cally only 3-5 commands per decompression unit need to be executed. These registers can also be 
reprogranmied directly by the CPU or most likely by updating from shadow registers. The finished band 
flag interrupts the CPU to tell the CPU that the area of memory associated with the band is now free. 



Typically during page printing ink usage is commimicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better perfonned while the 
page is being printed rather than at the end of the page. 



These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. 

2) Shutdown the PEP blocks by de-asserting their Go registers. A typical shutdown order is defined in 
Table 13. This will set the PEP Unit state-machines to their idle states without resetting their config- 
uration registers. 

3) Communicate ink usage to QA chips, if required. 



10.2.6 Next page(s) download 

As for first page download, performed during printing of current page. 



10.2.7 



Between bands 



10.2.8 During page print 



10.2.9 Page finish 
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Table 13. End of page shutdown order for PEP Units (T80). 



1 


PHI (will shutdown by itseM In the normal case at the end of a page) 


2 


DWU (shutting this down stalls the DNC and therefore the HCU and above) 


3 


LLU (should already be halted due to PHI at end of last line of page) 


4 


TE (this is the onfy dot supplier likely to be running, halted by the HCU) 


5 


CDU (this is likely to already be halted due to end of contone band) 


6 


CPU, SFU, TFU. LBD (order unimportant, and should already be halted due to end of 
band) 


7 


HCU. DNC (order unimportant, should already have halted) 



1 0.2.1 0 Start of next page 

These operations are typically performed before printing the next page: 

1 ) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Stait printing. 

1 0.2*1 1 End of document 

1) Stop motor control. 

10.2.12 Powerdown . 



In this mode SoPEC is no longer powered. 

1) Instruct Host PC via USB that SoPEC is about to power down. 



10.2.13 Sleep 



The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
described in Section 16. 

1) Instruct Host PC via USB that SoPEC is about to sleep. 

2) Put SoPEC into defined sleep mode. 
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10.3 Normal operation in a Multe-SoPEC System - ISIMaster SoPEC 

In a multi-SoPEC system the Host generally manages program and compressed page download to all the 
SoPECs. Inter-SoPEC communication is over the ISI link which will add a latency. 

In the case of a multi-SoPEC system with a USB 1. 1 connection, the SoPEC with the USB connection is 
the ISIMaster. The ISI-bridge chip is the ISIMaster in the case of an ISI-Bridge SoPEC configuration. 

In a multi-SoPEC system one of the SoPECs will be the PrintMaster. This SoPEC must manage and con- 
trol sensors and actuators e,g. motor control. These sensors and actuators could be distributed over all the 
SoPECs in the system. An ISIMaster SoPEC may also be the PrintMaster SoPEC. 

In a multi-SoPEC system each printing SoPEC will generally have its own PRINTER^QA chip (or at least 
access to a PRINTER_QA chip that contains the SoPECs SOPECJd_key) to validate operating parame- 
ters and ink usage. The results of these operations may be communicated to the PrintMaster SoPEC. 
In general the ISIMaster may need to be able to: 

• Send messages to the ISISIaves which will cause the ISISlaves to send their status to the ISIMaster. 

• Instruct the ISISIaves to perform certain operations. 

As the ISI is an insecure interface commands issued over the ISI are regarded as user mode commands. 
Supervisor mode code running on the SoPEC CPUs will allow or disallow diese commands. The software 
protocol needs to be constructed with this in mind. 

Existing requirements indicate that it is sufficient for the ISIMaster to initiate all communication with the 
ISISIaves. 

SoPEC operation is broken up into a number of sections which are outlined below. 
10.3.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherds, SCB and DIU. DRAM initialisation USB Wakeup 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

5) Download and authentication of program (see Section 10.5.3). 

6) Store reusable cryptographic results in Power-Safe Storage (PSS). 

7) Execution of program from DRAM. 

8) Retrieve operating parameters from PRINTER^QA and authenticate operating parameters. 

9) Download and authenticate any further datasets (programs). 

10) The initial dataset may be broadcast to all the ISISIaves. 

1 1) ISIMaster master SoPEC then waits for a short time to allow the authenticarion to take place on the 
ISISlave SoPECs. 

12) Each ISISlave SoPEC is polled for the result of its program code authentication process. 

13) lf all ISISIaves report successiul authentication the OEM code module can be distributed and 
authenticated. OEM could will most likely reside on one SoPEC. 

10.3^ USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled. 
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Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. For an ISIMaster SoPEC, wakeup can be initiated following a USB reset from the SCB. 

A typical USB wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the -ISIMaster. 

5) E>own!oad and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

6) Execution of program from DRAM. 

. 7) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

8) Download and authenticate any further datasets (programs) using results in Power-Safe Storage 
(PSS) (see Section 10.5.3). 

9) Following steps as per Powenip. 



This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips which may be present on a ISISlave SoPEC. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with tiring pulse profile etc. 
accordingly. Instruct ISISlaves to also perform this operation. 

4) Initiate printhead pre-heat sequence, if required. Instruct ISISlaves to also perform this operation 



Buffer management in a SoPEC system is nomially performed by the Host. 

1) The Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 



Poll ISISlaves for DRAM status and download compressed data to ISISlaves. 

Remaining first page bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band. 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updadng mechanism is being used. 

Poll ISISlaves for DRAM status and download compressed data to ISISlaves. 



1) Wait until at least one band of the first page has been downloaded, 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes, in the suggested order defined in Table 12. 

3) Print ready interrupt occurs (firom PHI). Poll ISISlaves until print ready interrupt. 



10.3.3 



Print initialization 



10.3.4 First page download 



PCU. 



1 0.3.5 Start printing 
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4) Start motor control (which may be on an ISISlaves SoPEC), if first page, otheiwisc feed the next 
page. This step could occur before the print ready interrupt. 

5) Drive LEDS, monitor paper status (which may be on an ISISlaves SoPEC). 

6) Wait for page alignment via page sensor(s) GPIO interrupt (which may be on an IS [Slaves SoPEC). 

7) CPU instructs PHI to start producing master line syncs, or wait for an extemal device to produce 
line syncs. 

8) Continue to download bands and process page and band headers for next page. 

1 0.3.6 Next page(8) download 

As for first page download, performed during printing of current page. 

10.3.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD and TE need to be re- 
programmed. This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed These registers can also be reprogrammed directly by the CPU or by 
updating from shadow registers. The finished band flag interrupts to the CPU, teU the CPU that the area of 
memory associated with the band is now free. 

10.3.8 During page print 

Typically during page printing ink usage is communicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 

10.3.9 Page finish 

These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. Poll ISISlaves for page finished interrupts. 

2) Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 

3) Communicate ixdc usage to QA chips, if required. 

10.3.10 Start of next page 

These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 

10.3.1 1 End of document 

1) Stop motor control. This may be on an ISISlave SoPEC. 

10.3.12 Powerdown 

In this mode SoPEC is no longer powered 

1) Instruct Host PC via USB that SoPEC system is about to power down. 

2) Instnict ISISlave SoPECs to powerdown. 

3) Powerdown ISIMaster SoPEC. 
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10.3.13 Sleep 



The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[161. 

1) Instruct Host PC via USB which parts of SoPEC system are about to sleep. 

2) Put defined SoPECs into defined sleep modes^ 
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10.4 Normal operation in a Multi-SoPEC System - ISISlave SoPEC 

This section the outline typical operation of an ISISlave SoPEC in a multi-SoPEC system. The ISIMaster 
can be another SoPEC or an ISI-Bridge chip. The ISISlave communicates with the Host via the ISIMaster, 
Buffer management in a SoPEC system is normally performed by the Host. 

10.4.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 

A typical powerup sequence is: 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation. 

4) Download and authentication of program (sec Section 10.5.3). 

5) Store reusable cryptogr^hic results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER_Q A and authenticate operating parameters. 

8) SoPEC identification by sampling GPIO pins to determine ISIId. Communicate ISIId to ISIMaster. 

9) Download and authenticate any further d^o^eti. 

10.4.2 iSI wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. Normally the CPU sub^system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled In an ISISlave SoPEC, wakeup can be initiated following an ISI reset from the SCB. 

A typical ISI wakeup sequence is: 

1) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required 

4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10,5.3). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

7) SoPEC identification by sampling GPIO pins to determine ISIId. Communicate ISIId to ISIMaster. 

8) Download and authenticate any further d^rof^cr. 

10.4.3 Print Initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from ISIMaster to DRAM. 

3) Check printhead temperature^ if reqiiired, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 
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10.4.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host via the ISIMaster. 

1) Check DRAM space remaining is sufficient to download the fiist band 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete page header has been downloaded, process the page header, calculate PEP reg- 
ister commands and write directly to PEP registers or to DRAM, 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining first page bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band. 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

1 0.4.5 Start printing 

1 ) Wait until at least one band of the first page has been downloaded. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed fi^m DRAM 
or direct CPU writes, in the order defined in Table 1 2. 

3) Print ready interrupt occurs (from PHI). Communicate to ISIMaster via ISI linlr 

4) Start motor control, if attached to this ISISlave, when requested by ISIMaster, if first page, other- 
wise feed next page. This step could occur before the print ready inteitupt 

5) E>rive LEDS, monitor paper status, if on this ISISlave SoPEC, when requested by ISIMaster 

6) Wait for page alignment via page sensor(s) GPIO intem^jt, if on this ISISlave SoPEC, and send to 
ISIMaster. 

7) Wait for line sync and commence printing. 

8) Continue to download bands and process page and band headers for next page. 

10.4.6 Next page(s) download 

As for first band download, performed during printing of current page. 

10.4.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD and TE need to be re- 
programmed. This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed. These registers can also be reprogrammed diiecdy by the CPU or by 
updating from shadow registers. The finished band flag interrupts to the CPU tell the CPU that the area of 
meinory associated with the band is now fi^. 

10.4.8 During page print 

Typically during page printing ink usage is communicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 
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10.4.9 Page finish 



These 



operations are typically performed when the page is finished: 

Page finished interrupt occurs from PHI. Communicate page finished interrupt to ISfMaster. 
Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 
Communicate ink usage to Q A chips, if required. 



0 
2) 



3) 



10.4.10 Start of next page 



These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 



10.4.1 1 End of document 

Stop motor control, if attached to this ISISlave» when requested by ISIMaster. 

10.4.12 Powerdown 

In this mode SoPEC is no longer powered. 

1) Powerdown ISISlave SoPEC when instructed by ISIMaster. 

10.4.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to roisters in the CPR block 



[16]. 



1) Put SoPEC into defined sleep modes. 
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10.5 Security Use Cases 

Please see the 'SoPEC Security Oveiyiew* [9] document for a more complete description of SoPEC secu- 
rity issues. The SoPEC boot operation is described in the ROM chapter of the SoPEC hardware design 
specification. Section 1 7.2^ 

10.5.1 Communication with the OA chips 

Communication between SoPEC and the QA chips (i.e. INK^QA and PRINTER^QA) will' take place on 
at least a per power cycle and per page basis. Communication with the QA chips has three principal pur- 
poses: validating the presence of genuine QA chips (i.e the printer is using approved consumables), valida- 
tion of the amount of ink remaining in the cartridge and autiicnticating the operating parameters for the 
printer. After each page has been printed, SoPEC is expected to communicate the number of dots fired per 
ink plane to the Q A chipset, SoPEC may also initiate decoy communications with the QA chips from time 
to time. 

Process: 

• When validating ink consumption SoPEC is expected to principally act as a conduit between the 
PRINTER^QA and INK^QA chips and to take certain actions (basically enable or disable printing and 
report status to Host PC) based on the result The corrmiunication channels are insecure but all traffic is 
signed to guarantee authenticity. 

Known Weaknesses 

• All communication to the QA chips is over the LSS interfaces using a serial communication protocol. 
This is open to observation and so the communication protocol could be reverse engineered In this 
case both the PRINTER^QA and INK^QA chips could be replaced by impostor devices (e.g. a single 
FPGA) that successfully emulated the commimication protocol. As this would require physical modifi- 
cation of each printer this is considered to be an acceptably low risk. Any messages that are not signed 
by one of the symmetric keys (such as the SoPEC_id_key) could be reverse engineered. The imposter 
device must also have access to the appropriate keys to crack the system. 

• If the secret keys in the QA chips are esqyosed or cradced then the system, or parts of it, is compro- 
mised. 

Assumptions: 

£ 1 3 The QA chips are not involved in the authentication of downloaded SoPEC code 

r 2 ] The QA chip in the ink cartridge (INK_QA) does not direcdy affect the operation of the cartridge in 

any way i.e. it does not inhibit the flow of ink etc. 
t31 The INK_QA and PRINTER^QA chips are identical in their virgin state. They only become a 

INieQA or PRINTER.QA after their FlashROM has been programmed. 



10.5.2 Authentication of downloaded code in a single SoPEC system 
Process: 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

2) The program is downloaded to the embedded DRAM. 

3) the CPU calculates a SHA-1 hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Siiverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 

accompanying prograin. The encryption algorithm is likely to be a public key algorithm such as 
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RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) If, as is very likely, the downloaded program wishes to download subsequent programs (such as 
OEM code) it is responsible for ensuring the authenticity of everything it downloads. The down- 
loaded program may contain public keys that are used to authenticate subsequent downloads, thus 
forming a hierarchy of authentication. The SoPEC ROM does not control these authentications - it 
is solely concerned with verifying that the first program downloaded has come from a trusted 
source. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

1 l)The OEM code is expected to perform some simple 'turn on the lights* tasks after which the Host 
PC is informed that the printer is ready to print and the Start Printing use case comes into play. 
Known Weaknesses: 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. A 
ROM mask change would be required to reprogram the bootOkey. 

10.5.3 Authentication of downloaded code in a muit^SoPEC system 

10.5.3.1 iSiMaster SoPEC Process: 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

2) The SCB is configured to broadcast the data received from the Host PC. 

3) The program is downloaded to the embedded DRAM and broadcasted to all ISISlave SoPECs over 
thelSL 

4) The CPU calculates a SHA-1 hash digest of the downloaded program. 

5) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

6) If a power-on reset occimed the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-l hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

7) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

8) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

9) If the hash values match then the CPU starts executing the downloaded program. 

10) It is likely that the downloaded program will poll each ISISlave SoPEC for the result of its authenti- 
cation process and to determine the number of slaves present. 

1 l)If any slave reports a failed authentication then the ISIMaster communicates this to the Host PC and 
puts itself into powerdown mode. 
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12) If all ISISlaves report successful authentication then the downloaded program is responsible for the 
downloading, authentication and distribution of subsequent programs within the muIti-SoPEC sys- 
tem. 

13) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
0/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

14) The OEM code is expected to perform some simple 'turn on the lights' tasks after which the master 
SoPEC determines that all SoPECs are ready to print. The Host PC is informed that the printer is 
ready to print and the Start Printing use case comes into play. 



10.5.3.2 iSiSiave SoPEC Process: 

1) When the CPU comes out of reset the SCB should stUl be in slave mode, and the SCB is already 
configured to receive data from the ISlMaster. 

2) The program is downloaded to embedded DRAM. 

3) The CPU calculates a SHA-1 hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as tiie first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM, This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values arc compared and if they match then the programs authen- 
ticity has been verified, 

7) If the hash values do not match, then the ISISlave device will await a new program again, eventu- 
ally timing out and powering down. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) It is likely that the downloaded program will communicate the result of its authentication process to 
the ISlMaster. The downloaded program is responsible for determining the SoPECs ISIId, receiving 
and authenticating any subsequent programs. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

1 1) The OEM code is expected to perform some simple *tum on the lights' tasks after which the master 
SoPEC is informed that this slave is ready to print The Start Printing use case then comes into play. 

Known Weaknesses . 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. 

• ISI is an open interface i.e. messages sent over the ISI are in the clear. The communication channels 
are insecure but all traffic is signed to guarantee authenticity. As all communication over the ISI is con- 
trolled by Supervisor code on both the ISlMaster and ISISlave then this also provides some protection 
against software attacks. 
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10.5.4 Authentication and upgrade of operating parameters for a printer 

The SoPEC IC will be used in a range of printers with different capabilities (e.g. A3/A4 printing, printing 
speed, resolution etc.). It is expected that some printers will also have a software upgrade capability which 
would allow a user to purchase a license that enables an upgrade in their printer's capabilities (such as 
print speed). To facilitate this it must be possible to securely store the operating parameters in the 
PRJNTER^QA chip, to securely communicate these parameters to the SoPEC and to securely reprogram 
the parameters in the event of an upgrade. Note that each printing SoPEC (as opposed to a SoPEC that is 
only used for the storage of data) will have its own PRINTER_QA chip (or at least access to a 
PRINTER_QA that contains the SoPEC's SoPECJd.key). Therefore both ISIMaster and ISISlave 
SoPECs will need to authenticate operating parameters. 

Process: 

1) Program code is downloaded and authenticated as described in sections 10.5.2 and 10.5.3 above. 

2) The program code has a function to create the SoPEC_id_lcey from the unique SoPEC_jd that was 
progranruned when the SoPEC was manufactured. 

3) The SoPEC retrieves the signed operating parameters from its PRINTER_QA chip. The 
PRINTER^QA chip uses the SoPECJd.key (which is stored as part of the pairing process exe- 
cuted during printhead assembly manufacture & test) to sign the operating parameters which are 
appended with a random number to thwart replay attacks. 

4) The SoPEC checks the signature of the operating parameters using its SoPEC_id_kcy. If this signa- 
ture authentication process is successful then the operating parameters are considered valid and the 
overall boot process continues. If not the error is reported to the Host PC. 

5) Operating parameters may also be set or upgraded using a second key, the PrintEngineLicense_key, 
which is stored on the PRINTER_QA and used to authenticate the change in operating parameters. 

Known Weaknesses: 

• It may be possible to retrieve the unique SoPEC_id by placing the SoPEC in test mode and scanning it 
out. It is certainly possible to obtain it by reverse engineering the device. Either way the SoPEC_id 
(and by extension the SoPEC Jd_key) so obtained is valid only for that specific SoPEC and so printers 
may only be compromised one at a time by parties with the appropriate specialised equipment. Fur- 
thermore even if the SoPEC.id is compromised, the other keys in the system, which protect the 
authentication of consumables and of program code, are unaffected. 
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S5 



10.6 Miscellaneous Use Cases 



There are many miscellaneous use cases such as the following examples. Software running on the SoPEC 
CPU or Host will decide on what actions to take in these scenarios. 

10.6.1 Disconnect / Re-connect of QA chips. 

1) Disconnect of a QA chip between documents or if ink runs out mid-document. 

2) Re-connect of a QA chip once authenticated e.g. ink cartridge replacement should allow the system 
to resume and print the next document 

10.6.2 Page arrives before print ready interrupt. 

1 ) Engage clutch to stop paper \intil print ready interrupt occurs. 

10.6.3 Dead-nozzle table upgrade 

This sequence is typically performed when dead nozzle information needs to be updated by performine a 
printhead dead nozzle test. 

1) Run printhead nozzle test sequence 

2) Either Host or SoPEC CPU converts dead nozzle information into dead nozzle table, 

3) Store dead nozzle table on Host. 

4) Write dead nozzle table to SoPEC DRAM. 
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10.7 



Failure Mode Use Cases 



10.7.1 



System errors and security violations 



System errors and security violations are reported to the SoPEC CPU and Host. Software running on the 
SoPEC CPU or Host will then decide what actions to take. 

Silverbrook code authentication failure. 

1) Notify Host PC of authentication failure. 

2) Abort print run. 

'OEM code authentication &iiuie. 

1 ) Notify Host PC of authentication failure. 

2) Abort print riin. 

Invalid QA chip(s). 

1) Report to Host PC. 

2) Abort print run. 

MMU security violation interrupt. * 

1) This is handled by exception handler. 

2) Report to Host PC 

3) Abort print run. 

Invalid address interrupt from PCU. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Watchdog timer interrupt. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Host PC does not acknowledge message that SoPEC is about to power down. 
1) Power down anyway. 



Printing errors are reported to the SoPEC CPU and Host. Software running on the Host or SoPEC CPU 
will then decide what actions to take. 



Insufficient space available in SoPEC compressed band-store to download a band, 
1) Report to the Host PC. 

Itisufficient ink to print. 
1) Report to Host PC. 

Page not downloaded in time while printing. 

1) Buffer underrun interrupt will occur. 

2) Report to Host PC and abort print run. 
JPEG decoder error interrupt. 

1) Report to Host PC. 



1 0.7.2 Printing errors 
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i3 



CPU Subsystem 
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11 Central Processing Unit (CPU) 

11,1 Overview 

The CPU block consists of the CPU core, MMU, cache and associated logic. The principal tasks for the 
program running on the CPU to fiilfill in the system are: 

Communications: 

• Control the flow of data from the USB interface to the DRAM and ISI 
I • Communication with the host via USB or ISI 

• Running the USB device driver 

PEP Subsystem Control: 

• Page and band header processing (may possibly be performed on host PC) 

• Configure printing options on a per band, per page, per job or per power cycle basis 

• Initiate page printing operation in the PEP subsystem 

• Retrieve dead nozzle information from the printhead interface (PHI) and forward to the host PC 

• Select the appropriate firing pulse profile from a set of predefined profiles based on the printhead 
characteristics 

• Retrieve printhead temperature via the PHI 
Security: 

• Authenticate downloaded program code and printer operating parameters 

• Authenticate consumables via the PRINTER^QA and IMCQA chips 

• Monitor ink usage 

• Isolation of OEM code from direct access to the system resources 
Other: 

• Drive the printer motors using the GPIO pins 

• Monitoring the status of the printer (paper jam, tray empty etc.) 

• Driving front panel LEDs 

• Perform post-boot initialisation of the SoPEC device 

• Memory management Oikely to be in conjunction with the host PC) 

• Miscellaneous ho\isekeeping tasks 

To control the Print Engine Pipeline the CPU is required to provide a level of performance at least equiva- 
lent to a 16-bit Hitachi H8-3664 microcontroller running at 16 MHz. An as yet undetermined amount of 
additional CPU performance is needed to perform the other tasks. The extra performance required is dom- 
inated by the signature verification task and the SCB (including the USB) management task. An operating 
system is not required at present. A number of CPU cores have been evaluated and the LEON PI 754 is 
considered to be the most appropriate solution. A diagram of the CPU block is shown in Figure 1 5 below. 
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AHB Controller 



AHB Interface 



LEON Core 



CACHE 
&MMU 



Address 
Decoder 



Realtime 

Debug 

Unit 



cpu_adrt21:0] 
cpu.dataout[31 :01 

dram^cpti.datar255.*0] 

cpu_3iu_rreq 

diu_cpu_rack 

diu_cpu_rvaild 
cpu_diu_wreq 

dlu_cpu_wa<ac 
q3U.diu_wvalid 

cpu_dhj_wmask[t :0] 

cpu.acode[1:0] 
cpu rwn 
cpu_cpr_sel 
cpr_cpu_rdy 
cpLcpu_data(31 :0] 
cpu_gpIo_8e) 
flpio_cpu_fdy 
gplo_.cpu_data(31 :0] 
cpujcu_sel 
icu_cpu_rdy 
Icu_cpu_datar3 1 :0] 
cpu Iss sel 
lssjcpu~rdy 

lss_cpu_data[31 10\ 



pcu_cpu_data(31 :0] 

cpu_scb_sol 

sco_cpu„ray 

scb_cpu_dataf31 :0} 

cpu_tim_sel 

tim_cpu_rdy 

tini_cpu_datal31 :0] 

cpu_fom_sel 

rofn_jqpu_fdy 

ronij(cpu_data[31 :0] 

cpu_ps$_8el 

pss_cpu_rdy 

pss_cpu_data(31 :0] 

<»u_dlu_sel 

dlu_cpu_rdy 

diu_cpu_data{31 :0J 

diu_cpu_berr 

pss_cpu_b©rr 

rom_cpu_berr 

tim_cpu_berr 

scb_cpu_beiT 

pcu.cpu.beri' 

Iss.cpu.berr 

Icu_cpu_berr 

gpio_qDu_berr 

cpr_cpu_l>efr 

diu_cpu_detHigLvalid 

tini_cpu_debug_valid 

scb.cpu.debug^valid 

pcu^cpu_debug.vaJId 

tes.cpu_debufl_valid • 

icu_cpu_debug_valid 

opio_cpu_debug_valld 

cpf_cpu_debug_valid 



debug_data_oui[1 8.-0] 
->> debug_data_valid 
-> debug_cnlri(19:0J 



prst_n 
pclk 

icu_cpujlevel[3:0) 
cpujack 

cpujcu_llevet[3:0] 



Figure 15. CPU block diagram 
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I 11.2 Definitions OF l/Os 



I 



Table 14. CPU Subsystem l/Os 



Clocks and Resets 



prst_r> 


1 


In 


Gk>t)al reset. Synchronous to pdk. active low. 


perk 


1 


In 


Global clock 


CPU to DIU DRAM Interface 


cpu_adr(21:0] 


22 


Out 


Address bus (or both ORAM arKi peripheral access 


cpu_dataout{31 :0] 


32 


Out 


Data out to both DRAM and peripheral devices. This stiould be 
driven at the same time as the cpu_adreintS request signals. 


dram.cpu.data[255:0] 


2S6 


In 


Read data from the ORAM 


cpu_diu_rreq 




Out 


Read request to the OIU DRAM 


diu_cpu_rack 




In 


Acknowledge from DIU that read request has been accepted. 


diu_q?u_rvafid 




In 


Sjgnal from OIU telilng SoPEC Unit that vaJki read data is on the 

dram^cpu^data bus 


cpu_jdiu_wreq 




Out 


Write request to the OIU 


dhj^cpu^wack 




In 


Acknowledge from Ihe OIU that the write request has t>een 
accepted 


cpu_diu_wvalid 


1 


Out 


Signal from the CPU to the DIU indicating that the data cunrently on 
the cpu_dataout bus \s valid 


cpu_diu_wma8k(1 :0] 


2 


Out 


Flag indicating format of CPU write to DRAM 
cpu^dfu_^miask = 00: 8-bit write 
'cpu_diu__wmask= 01 : 16-bit write 
cpu^diu^wmask =10: 32-fa(t write 
cpu^diu^wmask= 1 1 : reserved 

cpu_adr(2:0] are driven in aooofdance with the wklth of the data 
access indicated by qpujdkJijwmask. Addresses cannot cross a 
256-bit word DRAM boundary. 


CPU to perlptieral Mocks 




1 


Out 


Common read/rwt-write signal from the CPU 


cpu_acx»de(1:0] 


2 


Out 


CPU access code signals. 

cpu.aoode(0] - Program (0) / Data (1) access 

cpu_acode[1] - User (0) / Supervisor (1) access 


cpu_cpr_8eJ 


1 


Out 


CPR bk>ck select 


cpr_cpu_rdy 


1 


In 


Ready signal to the CPU. When cpr_cpu_rdy \s^ high It indicates the 
last cyde of the access. For a write cyde this means cpu^dataout 
has been registered by the CPR block and for a read cyde this 
means the data on qor_cp(/_deata Is valid. 


cpfLcpu^berr 


1 


In 


CPR l)us error signal to the CPU. 


cpr_cpu_data(3l .*0] 


32 


In 


Read data bus from the CPR block 


cpu^pfo.sel 


1 


Out 


GPIO bk>ck select 


gpio_cpu_rdy 


1 


rn 


GPIO ready signal to the CPU. 


gpk>_cpu_berr 


1 


In 


GPIO bus error signal to the CPU. 


0pk>_cpu_data[31 :0] 


32 


In 


Read data bus from the GPIO block 


cpujcu_8el 


1 


Out 


ICU bicck select. 


lcu_cpu_rdy 


1 


in 


ICU ready signal to the CPU. 


icu_cpu_berr 


1 


In 


ICU bus error signal to the CPU. 


icu jcpu_dataC3l :0] 


32 


In 


Read data bus from the ICU tAocM. 
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Table 14. CPU Subsystem l/Os 











cpujss_sel 


1 


Out 


l-OO OKJCI\ SCIewL 


lss_cpu_rdy 


1 


In 


reauy signal lO uiB Urli. 


lss_cpu_berr 


1 


In 


Loo Dus error signal to the CPU. 


lss_cpu_data(31 :0] 


32 


In 


rteao data dus trom the Loo block 


cpuj>cu_sel 


1 


Out 


r'ou Dicxx seiecL 


pcu_cpu_rdy 


1 


In 


PCU ready signal to the CPU. 


pcujcpujberr 


1 


In 


PCU bus enor signal to the CPU. 


pcu_q3u_clata(31 :0J 


32 


in 


Read data bus from the PCU block 


cpujBCbjsel 


1 


Out 


SCB block select 


sct)_cpu_rcly 


1 


in 


SOB ready signal to the CPU. 


scb_cpu_berr 


1 


In 


SCB bus error signal to the CPU« 


6cb_cpu_data(31 .-0) 


32 


In 


Read data bus from the SCB bk)ck 


cpu_lim_sel 




Out 


Timers block select. 


tifn_cpu_rdy 




In 


Timers block ready signal to the CPU. 


tlfnjcpu_berr 




In 


Timers bus error signal to the CPU. 


tim_cpu_data{31.'0] 


32 


In 


Read data bus from the Timers block 


cpu.rom.sel 




Out 


ROM block select 


rom_cpu_fdy 




In 


ROM bk>ck ready signal to the CPU. 


rom^cpu_b6 rr 




In 


ROM bus error signal lo the CPU. 


rom_cpu_data(31 K>] 




In 


Reed data bus from the ROM block 


cpu_pss_sel 




Out 


PSS bkx:k select 


pss.cpu.rdy 




In 


PSS block ready signal to the CPU. 


pss_cpu_berr 




In 


PSS bus error signal to the CPU. 


pss_cpu_data{31 .*0] 




In 


Read data bus from the PSS block 


cpu_dtu_8e] 




Out 


OIU register block select. 


diu_cpu_rdy 




In 


OIU register btock ready signal to the CPU. 


dtu_cpu_beir 




In 


DIU bus error signal to the CPU. 


diu.cpu_data[31 X)] 


32 


In 


Read data bus from the OIU block 


Interrupt signals 


»c^--CpuJlGvel{3:0l 


3 


In 


An Interrupt Is asserted by driving the appropriate priority level on 
icu_cpu_UevBi These signals must remain asserted untO the CPU 
executes an Interrupt acknowledge cyde. 


cpu_icujlevel[3:0] 


3 


Out 


Indicates the level of the Interrupt the CPU is acknowtedging when 
cpu^iack\& high 


cpujack 


1 


Out 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core implementation 


Debug signals 


diu.cpu.debug_val!d 


1 


In 


Signal indicating the data on the diujcpujtlata bus is valkJ debug 
data. 


iim_cpu_debug_valid 


1 


In 


Signal indicating the data on the tim cpv data bus is valid debug 
data. 


scb_cpu_debug_va«d 


1 


In 


Signal indteating the data on the scb_cpu_data tnis is vaBd debug 
data. 
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Table 14. CPU Subsystem t/Os 







m 




paj_cpu.d6bug_vafid 


1 


In 


Signal indicating the data on the pca_cpu_data bus is valid debug 
data. 


tss_cpu_debuq valid 




fn 


oignai inaicaung me aaia on tna iss^^u^osta bus is vcUid dabug 
data. 


icu_cpu_debug_valid 


1 


In 


Signal indicating the data on the (cu_jcpujclata bus Is valid debug 
data. 


gpio_cpu_debug.vaIid 


1 


In 


Signal indicating the data on the gpio_cpu_<iata tuis Is valid debug 
data. 


cpr_cpu_debug_valid 


1 


rn 


Sjgnal Indicating the data on the cpr_cpu_data bus is valid debug 
data. 


debuo.data_oui 


18 


Out 


Output debug data to be muxed on to the PHI pins 


debugjdat^vaJid 


1 


Out 


Debug valid signal indicating the validity of the data on 

dBbug_data_j>ut. This signal is used in all debug conftgurations 


ddbiigjcntd 


20 


Out 


Control signal for each PHI bound debug data line indicating 
whether or not the debug data should be selected by the pin mux 



11.3 Realtime requirements 

The SoPEC realtime requirements have yet to be fully detemiined but they may be split into three catego- 
ries: hard, firm and soft 

1 1.3.1 Hard reaKinne requirements 

Hard requirements are tasks that must be completed before a certain deadline or failure to do so will result 
m an error perceptible to the user (printing stops or functions incorrectly). There are three hard realtime 
tasks: 

• Motor control: The motors which feed the paper through the printer at a constant speed during 
printing are driven direcUy by the SoPEC device. Four periodic signals with different phase rela- 
tionships need to be generated to ensure the paper travels smoothly through the printer. The genera- 
tion of these signals is handled by the GPIO hardvi^ (see section .13.2 for more details) but the 
CPU is responsible for enabling these signals (i.e. to start or stop the motors) and coordinating the 
movement of the paper with the printing operation of the printhead. 

• Buffer management: Data enters the SoPEC via the SCB at an uneven rate and is consumed by the 
PEP subsystem at a different rate. The CPU is responsible for managing the DRAM buffers to 
ensure that neither overrun nor underrun occur. This buffer management is likely to be performed 
imder the direction of the host. 

• Band processing: In certain cases PEP registers may need to be updated between bands. As the tim- 
ing requirements are most likely too stringent to be met by direct CPU writes to the PCU a more 
likely scenario is that a set of shadow registers will programmed in the compressed page units 
before the current band is finished, copied to band related registers by the finished band signals and 
the processing of the next band will continue immediately. An alternative solution is that the CPU 
will construct a DRAM based set of commands (see section 21.8.5 for more details) that can be exe- 
cuted by the PCU. The task for the CPU here is to parse the band headers stored in DRAM and gen- 
erate a DRAM based set of commands for the next number of bands. The location of the DRAM 

. based set of commands must then be written to the PCU before the current band has been processed 
by the PEP subsystem. It is also conceivable (but cmrently considered imlikely) that the host PC 
could create the DRAM based commands. In this case the CPU will only be required to point the 
PCU to the correct location in DRAM to execute commands from. 
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11.3.2 Firm requirements 

Firm requirements are tasks that should be completed by a certain time or failure to do so will result in a 
degradation of performance but not an error. The majority of the CPU tasks for SoPEC fall into this cate- 
gory including all interactions with the QA chips, program authentication, page feeding, configuring PEP 
registers for a page or job, determining the firing pulse profile, commimication of printer status to the host 
over the USB and the monitoring of ink usage. The authentication of downloaded programs and messages 
will be the most compute intensive operation the CPU will be required to perform. Initial investigations 
indicate that the LEON processor, running at 160 MHz, will easily perform three authentications in under 
a second. 



Table 15. Expected firm requirements 





Power-on to start of printing first page [USB and slave SoPEC enumeration, 3 or more 
RSA signature verifications, code and compressed page data downtoad and chip Initiali- 
safion] 


- 8 sees ?? 


Wake-up from sleep mode to start printing J3 or more SHA-1 operations, code and com- 
pressed page data download and chip re-inltiafisation 


~2 sees 


Authenticate ink usage in the printer 


-0.5 sees 


Determining firing pulse profile 


- 0.1 sees 


Page feeding, gap between pages 


OEM dependent 


Communication of printer status to host PC 


- 10 ms 


Configuring PEP registers 


7? 



11.3.3 Soft requirements 

Soft requirements are tasks that need to be done but there are only light time constiaints on when they need 
to be done. These tasks arc peifonned by the CPU when fliere are no pending higher priority tasks. As the 
SoPEC CPU is expected to be lightly loaded these tasks will mostly be executed soon after they are sched- 
uled. 

11.4 Bus Protocols 

As can be seen from Figure 15 above there are different buses in the CPU block and different protocols arc 
used for each bus. There are three buses in operation: 

11.4.1 CPU core to cache/MMU bus 

This is the native bus of the CPU core. See section 1 1 .6.6. 1 for more details. Timing and fiiU signal details 
should be provided in the documentation accompanying this core. 

1 1.4.2 Cache/MMU to DIU bus 

This bus conforms to the DIU bus protocol described in Section 20,13.2. Note that the address and data 
buses are shared with the peripheral bus. The effective bus width differs between a read (256 bits) and a 
write (32/16/8 bits) and only the bottom 32 bits of the bus are shared with the peripheral bus. As certain 
CPU instructions may require byte write access this will need to be supported in the DIU. See section 
1 1.6.6.2 for more details. . 
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11.4.3 CPU Subsystem Bus 

For access to the on-chip peripherals a simple bus protocol is used. The MMU must first determine which 
particular block is being addressed (and that the access is a valid one) so that the appropriate block select 
signal can be generated. During a write access CPU write data is driven out with the address and block 
select signals in the first cycle of an access. The addressed slave peripheral responds by asserting its ready 
signal indicating that it has registered the write data and the access can complete. The write data bus is 
conmion to all peripherals and is also used for CPU writes to the embedded DRAM. A read access is initi- 
ated by driving the address and select signals during the first cycle of an access. The addressed slave 
responds by placing the read data on its bus and asserting its ready signal to indicate to the CPU that the 
read data is valid. Each block has a separate point-to-point data bus for read accesses to avoid the need for 
a tri-stateable bus. 

All peripheral accesses are 32-bit. Support for byte or 16-bit accesses may be added if required by an 
imported IP block such as the USB controller. The use of the ready signal allows the accesses to be of vari- 
able length. In most cases accesses will complete in two cycles but three or four (or more) cycles accesses 
are likely for PEP blocks or IP blocks vnth a different native bus interface. All PEP blocks are accessed via 
the PCU which acts as a bridge. The PCU bus uses a simUar protocol to the CPU subsystem bus but with 
the PCU as the bus master. 

The duration of accesses to the PEP blocks is influenced by whether or not the PCU is executing com- 
mands from DRAM. As these coounands are essentially register writes the CPU access will need to wait 
until the PCU bus becomes available when a register access has been completed. This could lead to the 
CPU being stalled for up to 4 cycles if it attempts to access PEP blocks while the PCU is executing a com- 
mand. The size and probability of this penalty is sufficiently small to have any significant impact on per- 
formance. 

In order to support user mode (i.e. OEM code) access to certain peripherals the CPU subsystem bus prop- 
agates the CPU function code signals icpuuacodefJ :0J). These signals indicate the type of address space 
(i.e. Uscr/Si^crvisor and Program/Data) being accessed by the CPU for each access. Each peripheral must 
determine whether or not the CPU is in the correct mode to be granted access to its registers and in some 
cases (e.g. Timers and GPIO blocks) different access permissions can apply to different registers within 
the block. If the CPU is not in the correct mode then the violation is flagged by asserting the block's bus 
error signal (block^cpujberr) with the same timing as its ready signal (plock^cpu _jxfy) which remains 
deasserted. When this occurs invalid read accesses should return 0 and write accesses should have no 
effect 

Figure 16 shows two examples of the peripheral bus protocol in action. A write to the LSS blodc from 
code running in supervisor mode is successfully completed. This is immediately followed by a read from a 
PEP block via the PCU firom code rurming in user mode. As this type of access is not permitted the access 
is terminated with a bus error. The bus error exception processing then starts directly after this - no further 
accesses to the peripheral should be required as the exception handler should be located in the DRAM. 

Each peripheral acts as a slave on the CPU subsystem bus and its behavior is described by the state 
machine in section 1 1 .4.3 . 1 
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pclk 



cpu_adr(21:0] b^^^ LSS address | PEP address|^^>^ Supervisor stactj 

"1 



cpu_rwn 



cpu_acode[1:0] [^^^ Supvr Data | User Data Supvr Data 

cpu_lss„sel [" 

lss_cpu_rdy 



1 



J — L 



tes_cpu_berr 



cp«.da.aou«I31:0] 1^ LSS data t^^^^SSSSSSS^^^SSS^^^^^ 



cpu^cu.sel 



pcu.cpu.berr 

pcu_cpu_rdy 



J — L 



pcu^cpu_data[31:0] tv^>^^^S^^>^^^^>^>;s^s^ OxOOOO,o6oo" 



Figure 16. CPU bus transactions 

i i.4.3. 1 CPU subsystem bus slave state machine 

CPU subsystem bus slave operation is described by the state machine in Figure 17. This state machine 
will be implemented in each CPU subsystem bus slave. The only new signals mentioned here are the 
valid^access and reg^available signals. The valid_access is deteimined by comparing the cpu^acode 
value with the block or register (in the case of a block that allow user access on a per register basis such as 
the GPIO block) access permissions and asserting valid jaccess if the permissions agree with the CPU 
mode. The reg^available signal is only required in the PCU or in blocks that are not capable of two-cycle 
access (e.g. blocks containing imported IP with different bus protocols). In these blocks the reg_available 
signal is an internal signal used to insert wait states (by delaying the assertion of block^cpu^niy) until the 
CPU bus slave interface can gain access to the register. 

When reading from a register that is less than 32 bits wide the CPU susystems bus slave should return 
zeroes on the unused upper bits of the block_cpu_data bus. 

To support debug mode the contents of the register selected for debug observation, debugjreg, are always 
output on the block_cpu_fiata bus whenever a read access is not taking place. See section 1 1.8 for more 
details of debug operation. 
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CPU Moch sei ' 
blocK.cpu.data » reg^data 
b(ock_cpu_d6bug_va[id ' 



pfst n = Q 

WocK.cpu_rdy o 0 
WocK^cpo.berr «a 0 
btocK-Cpii_data = <febug_regLdata 
block_cpu_debuQ_valid = l 



CPU block ael ea 
ANDcnu fwn« 

ANPyalfd BccOTS 

AND reo avaBabla = 

blocK.cpuIbeiT » .0 
btock_cpci_daia = reQ_data 
btod^cpu^dobuB-vaW 




WocK. cpu.det)ug_yand »t ^ 



block_cpu_befT a 0 



btoduq^^oata « rag.data 



WocK.cpu_rdy« 1 
rag.data « cpu_dataout 



reo avallahlaixiQ 



Figure 17. State machine for a CPU subsystem slave 



11.5 LEON CPU 



The LEON processor is an open-source implementation of the IEEE- 1754 standard (SPARC V8) instruc- 
tion set. LEON is available from and actively siq>ported by Gaisler Research (www.gaisler.com). 

The following features of the LEON-2 processor will be utilised on SoPEC: 



• IEEE- 1 754 (SPARC V8) compatible integer unit with 5-stage pipeline 

• Separate instruction and daia cache (Harvard architecure) 

• Set-associative caches: 1-4 sets, 1-64 kbyte/set. Random, LRR or LRU replacement Direct 
mapped cacches are also available and axe the more likely option for SoPEC. 

• Full implementation of AMBA-2.0 AHB on-chip bus 

• Power-down mode 

The standard release of LEON incorporates a number of peripherals and support blocks which will not be 
included on SoPEC. The LEON core as used on SoPEC will consist of: 1) the LEON integer unit, 2) pos- 
sibly the instruction and data caches (currently under review), 3) the cache control logic (to be signifi- 
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cantly reduced by optimisation if the caches are not used), 4) the AHB interface and 5) possibly the AHB 
controller (although this functionality may be implemented in the LEON Bridge). 

The version of the LEON database that the SoPEC LEON components will be sourccd from is LE0N2- 
1.0.8 although later versions may be used if they offer worthwhile functionality or bug fixes that affect the 
SoPEC design. Note that if the LEON caches are not used then we may revert to vl.0.7 of the database as 
the cache control logic is likely to be simpler and easier to optimise away (vl.0.8 introduced support for 

set-associative caching) 

The LEON core will be clocked using the system clock, pclk, and reset using the prst_n_s€ction[l] signal. 
The ICU will assert all the hardware interrupts using the protocol described in section 1 1 .9. The particular 
types of SRAMs (for LEON caches) and register files used will be determined during the implementation 
phase. The LEON hardware multipliers are notexpected to be required. Furthermore it is anticipated that 
SoPEC will use the recommended 8 register window configuration 

Further details of the SPARC V8 instruction set and the LEON processor can be found in [32] and [33] 
respectively. 

11 .6 Memory Management Unit (MMU) 

Memoiy Management Units are typically used to protect certain regions of memory from invalid accesses, 
to perform address translation for a virtual memoiy system and to maintain memoiy page status (swappcd- 
in, swapped-out or unmapped) 

The SoPEC MMU is a much simpler affair whose function is to ensure that all regions of the SoPEC mem- 
ory map are adequately protected. The MMU docs not support virtual memory and physical addresses arc 
used at all times - the one exception to this is the address translation of the reset vector. The SoPEC MMU 
supports a full 32-bit address space. A proposed memory map is shown in Figure 18 below. 

The MMU selects the relevant bus protocol and generate the appropriate control signals depending on the 
area of memoiy being accessed The MMU is responsible for performing the address decode and genera- 
tion of the appropriate block select signal as well as the selection of the correct block read bus during a 
read access. The MMU will need to support all of the bus transactions the CPU can produce including 
interrupt acknowledge cycles, aborted transactions etc. 

When an MMU error occurs (such as an attempt to access a- supervisor mode only region when in user 
mode) a bus error is generated. While the LEON can recognise different types of bus error (e.g. data store 
error, instruction access error) it appears to handle them in the same manner as it handles all traps i.e it will 
transfer control to a trap handler. No extra state information appears to be stored because of the nature of 
the trap.The location of the trap handler is contained in the TBR (Trap Base Register). This is the same 
mechanism as is used to handle interrupts. Further investigation is needed to determine exactly how LEON 
behaves when a bus error type trap occurs to determine the best approach to handling bus errors. It may be 
simplest to just treat them as the highest priority interrupt 
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i3 



Accesses in this 
area are not 
allowed and 
result in a bus 
e^or exception. 



Accesses in this 
area are via the 
CPU bus and are 
controlled by 
permissions set in ' 
each peripheral. 



Accesses in this 
area are via the 
DIUbus and are 
controlled by 
permissions set in \ 
the MMU. 




OxFFFF_FFFF 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



Ox002A-C(X)0 
Ox002A^OOOO 
0x0029^0000 
0x0028^0000 




DRAM 
Regions 



0x0000.0000 



Figure 18. Proposed SoPEC CPU memory map (not to scale) 

11.6.1 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Table 16 below. The MMU 
perfonns the decode of the high order bits to generate the relevant cpuJblock_select signal. Apart from the 
PCU, which decodes the address space for the PEP blocks, each block only needs to decode as many bits 
of cpu_iu[r[l 1:2] as required to address all the registers within the block. 

Table 16. CPU-bus peripherals address niap 







MMU.base 


0x0029_0000 


TIM_base 


0x0029_1000 


LSS.base 


0x0029.2000 


GP(0_l5ase 


0x0029.3000 


SCB.base 


0x0029.4000 


ICU.base 


0x0029.5000 


CPR_base 


0x0029.6000 


ROM^base 


0x0029.7000 


DIU.base 


0x0029.8000 


PSS_base 


0x0029.9000 
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Table 16. CPU-bus peripherals address map 



i 






Reserved 


0x0029_A000 to OxOOZBJFFFP 


PCU_base 


Ox002A_0000 



11.6^ DRAM Region Mapping 

The embedded DRAM is broken into 8 regions, with each region defined by a lower and upper bound 
address and with its own access permissions. 

The association of an area in the DRAM address space with a MMU region is completely under software 
control. Table 17 below gives one possible region mapping. Regions should be defined according to their 
access xequirements and position in memory. Regions that share the same access requirements and that are 
contiguous in memory may be combined into a single region. The example below is purely for indicative 
purposes - real mappings are likely to differ significantly firom this. Note that the RegionBottom and Regi- 
onTop fields in this example are byte aligned and would need to be right-shifled by 5 places to obtain the 
256-bit aligned value used to program the RegionNTop and RegionNBottom registers, or more details, see 
11.6.5.1 and 11.6.5.2. 



Table 17. Example region mapping 









0 


Ox0OOO_OOOO 


OxOOOO.OFFF 


Sitverforook OS (supervisor) data 


1 


0x0000.1 000 


0X00003PFF 


Silverbrook OS (supervisor) code 


2 


OxOOOO.COOO 


OXO0O0.C3FF 


Silverbrook (supervisor/user) data 


3 


OxOOOO_C400 


0x0000_CFFF 


SiNerbrook (supervisorAiser) code 


4 


0x0026.0000 


0x0026.D3FF 


OEM (user) data 


S 


0x0026.0400 


0X0026.DFFF 


OEM (user) code 


6 


0xOO27_E000 


Ox0027.FFFF 


Shau-ed Silverbrook/OEM space 


7 


OxOOOO.OOOO 


Ox0026_CFFF 


Compressed page store (supervisor data) 



11.6,3 Non-DRAM regions 

As shown in Figure 18 the DRAM occupies only 2.5 MBytes of the total 4 GB SoPEC address space. The 
non-DRAM regions of SoPEC are handled by the MMU as follows: 

ROM (0x0028_0000 to 0x0028_FFFF): The ROM block will control the access types allowed. The 
cpu_acode[}:0] signals v«ll indicate the CPU mode and access type and the ROM block will assert 
rom^cpujberr if an attempted access is fotbidden. The protocol is described in more detail in section 
1 1 .4.3- The ROM block access permissions are hard wired to allow all read accesses except to the Fuse- 
ChipID registers which may only be read in supervisor mode. 

MMU Internal Registers (0x0029^0000 to Ox0029_OFFF): The MMU is responsible for controlling the 
accesses to its own internal registers and will only allow data reads and writes (no instruction fetches) 
from supervisor data space. All other accesses will result in the mmu^cpujberr signal being asserted in 
accordance with the CPU native bus protocol. 

CPU Subsystem Peripheral Registers (0x0029_1000 to 0x0029_FFFF): Each peripheral block will 
control the access types allowed. Every peripheral v^dll allow supervisor data accesses (both read and 
write) and some blocks (e.g. Timers and GPIO) will also allow user data space accesses as outlined in the 
relevant chapters of this specification. Neither supervisor nor user instruction fetch accesses are allowed to 
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any block as it is not possible to execute code from peripheral registers. The bus protocol is described in 
section 11.4.3. 

I PCU Mapped Registers (OxOO2A.00OO to Ox002A,BFFF): All of the PEP blocks registers which are 

accessed by the CPU via the PGU will inherit the access permissions of the PCU. These access permis- 
sions are hard wired to allow siq>ervisor data accesses only and the protocol used is the same as for the 
CPU peripherals. 

I Unused address space (0x002 A^COOO to OxFFFF^FFFF): All accesses to the unused portion of the 

address space will result in the mmu^cpujberr signal being asserted in accordance with the CPU native 
bus protocol. These accesses will not propagate outside of the MMU i.e. no external access will be initi- 
ated. 

I1 1 .6.4 Reset exception vector and reference zero traps 
When a reset occurs the LEON processor starts executing code from address 0x0000.0000. On SoPEC the 
embedded DRAM occupies this area of the address map. As the DRAM contents are undefined when the 
processor comes out of reset (this is certainly the case with a power-on and most other resets that can occur 
on SoPEC) the MMU will need to redirect accesses from OxO0O0_O00O through OxOOOO_00?? (the mini- 
mum amount of redirection is currently TBD but is likely to be at least 16 bytes) to the bottom of the ROM 
i.e. to 0x0028.0000 through 0x0028.00??. 

A common software bug is zero-referencing or null pointer de-referencing (where the program attempts to 
access the contents of address 0x0000^0000). To assist software debug the MMU will assert a bus error 
every time the reset locations are accessed after the reset trap handler has legitimately been retrieved 
immediately after reset. If desired this condition could be result in a unique trap (e.g. a watchpoint 
detected trap) 



1 1.6.5 MMU Configuration Registers 

These are the only configuration registers in the CPU blocL Note that all the MMU configuration registers 
may only be accessed when the CPU is running in si:^rvisor mode. 



Table 18. MMU Conflguration Registers 









iliilWiiii 


0x00 


RdQionOBottom 


17 


0x0.0000 


This register contains the physical address that 
nnarfcs the bottom of region 0 


0x04 


ReglonOTop 


17 


Qxf JFFFP 


This register contains the physical address that 
marks the top of region 0. Region 0 covers the 
entire address space after reset whereas ed\ 
other regions are zero-sized Initially. 


0x08 


Regfoni Bottom 


17 


0x0.0000 


This register contains the physical address that 
marlcs ttie bottom of region 1 


OxOC 


Region 1 Top 


17 


0x0.0000 


This register contains the physical address that 
marks the top of region l 


0x10 


Reg[on2Bottom 


17 


OxOjOOOO 


This register contains the physical address that 
marks the bottom of region 2 


0x14 


ReglonOTop 


17 


0x0.0000 


This register contains the physical address that 
marks the top of region 2 


0x18 


Region3Botlom 


17 


0x0.0000 


This register contains the physical address that 
marks the bottom of region 3 


0x1 C 


RoglonSTop 


17 


0x0.0000 


This register contains the physical address that 
marks the top of regk>n 3 
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Table IS. MMU Configuration Registers 



^^^^ 










0x20 


Kegion4DOuom 


1 / 


0x0.0000 


This register contains the physical address flrat 
mar1(s the bottom of region 4 . 


0x24 


Region4Top 


17 


OxOJJOOO 


This register contains the physical address that 
nnarks the top of region 4 


0x28 


RegionSBottom 


17 


0x0.0000 


This register contains the physical address that 
marks the bottom of region 5 


0x2C 


RegtonSTop 


17 


OxOjOOOO 


This register contains the physical address that 
marks the top of region 5 


0x30 


neyiuriwDoninn 


1 / 


0x0.0000 


1 nis register oonnains uie pnysicai aoaress inai 
marks the bottom of region 6 


0x34 


RegionGTop 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 6 


0x38 


Region/Bottom 


17 


0x0.0000 


This register contains the physical address that 
nnarks the fciottom of region 7 


Ox3C 


RegionTTop 


17 


0x0.0000 


This register contains the physical address that 
marks the top of region 7 


0x40 


RegionOControl 


6 


0x07 


Control register for region 0 


0x44 


Regioni Contra! 


6 


0x07 


Control register for region 1 


0x48 


Region2Control 


6 


0x07 


Control register for region 2 


Ox4C 


RegionSControl 


6 


0X07 


Control register for region 3 


OxSO 


RegIon4Control 


6 


0x07 


Control register for region 4 


0x54 


RegionSControl 


6 


0x07 


Control register for region 5 


0x58 


RegionSControl 


6 


0x07 


Control register lor region 6 


OxSC 


RegionTControl 


6 


0x07 


Control register for region 7 


0x60 . 


BusTImeout 


16 


OxOOFF 


This register should t>e set to the number of pctk 
cycles to wait t>eft>re aborting an access with a 
bus error. 


0x64 


DebugSelect 


7 


0x00 


Contains address of the register selected for 
debug observatk>n. It is expected that a number 
of pseudo-registers will be made available for 
debug observation and these will t>e outlined 
during the implementation phase. 



i RegionTop and RegfonBottom registers 

The 20 Mbit of embedded DRAM on SoPEC is arranged as 81920 words of 256 bits each. All region 
boundaries need to align with a 256-bit word Thus only 17 bits are required for the RegionNTop and 
RegionNBottom registers. The byte address of these locations can be obtained by simply left-shifting the 
register value by 5 bits i.e. cpu_adr[21:0] = RegionNTop/Bottom[16:0] « 5. 

Both the RegionNTop and RegionNBottom registers are inclusive i.e. the addresses in the registers are 
included in the region. The size of smallest active region is therefore 2 256-bit words i.e. 64 bytes. 

If DRAM regions overlap (there is no reason for this to be the case but there is nothing to prohibit it either) 
then only accesses allowed by all overlapping regions are permitted That is if a DRAM address appears in 
both Regionl and RegionS (for example) the cpujacode of an access is checked against the access peimis- 
sions of both regions. If both regions permit the access then it will proceed but if either or both regions do 
' not permit the access then it will not be allowed. 



Doc: SoPEC_hardware_clesfgn 
Version: 2.3 



S3 Proprietary Document 



J89 Nov 2002 
Page 77 



SoPEC : Hardware Design 



The MMU does not support negatively sized regions i.e. the value of the RegionNTop register should 
always be greater that the value of the RegionNBottom register If RegionNTop is lower in the address map 
than RegionNTop then the region is considered to be zero-sized and is ignored. 

When both the RegionNTop and RegionNBottom registers for a region contain the same value the region is 
then simply one 256-bit word in length and this corresponds to the smallest possible active region. 

ff. 6.5.2 Region Control registers 

Each memory region has a control register associated with it. The RegionNControl register is used to set 
the access conditions for the memory region bounded by the RegionNTop and RegionNBottom registers. 
Table 19 describes the function of each bit field in the RegionNControl registers. All bits in a RegionNCon- 
trol register are both readable and writable by design. However, like all registers in the MMU> the 
RegionNControl registers can only be accessed by code running in supervisor mode. 



Table 19. Region Control Register 









SupervisorAccess 


2:0 


Denotes the type of access allowed when the CPU Is running in 
Supervisor mode. For each access type a 1 indicates the access is. 
permitted and a 0 Indicates the access is not permitted. 
bitO ' Data read access permission 
blt1 - Data write access permission 
bit2 ' Instruction fetch access permission 


UserAccess 


5:3 


Denotes the type of access allowed when the CPU is running in 
User mode. Pot each access type a 1 1ndicates the access is per- 
mitted and a 0 indicates the access is not permitted. 
bii3 • Data read access permission 
bit4 - Data write access permission 
bits - Instruction fetch access permission 



If. 6.5.3 Status Register 

The SPARC V8 architecture allows for a number of types of memory access error to be trapped. These trap 
types and trap handling in general are described in chapter 7 of the SPARC architecture manual [32]. 
According to the SPARC architecture manual the processor will automatically move to the next register 
window (i.e. it decrements the current window pointer) and copies the program counters (PC and nPC) to 
two local registers in the new window. The supervisor bit in the PSR is also set and the PSR can be saved 
to another local register by the trap handler (this does not happen automatically in hardware). 

At the time of writing it is not clear whether the LEON core can easily accept memory access error trap 
types (i.e. the 8-bit tt field of the Trap Base register). Further investigation is needed to determine it this is 
possible and if existing trap types will cover the different types of bus error possible on SoPEC. Up to 32 
implementation specific trap types are allowed so conditions imique to SoPEC can be handled in this man- 
ner. 

If it is not possible for sufficient information about the cause of the bus error to be passed to the LEON 
core vising the above mechanisms then a status register will be implemented to record the relevant informa- 
tion. 

11 .6.6 MMU Sub-block partition 

As can be seen from Figure 19 and Figure 20 the MMU consists of five principal sub-blocks. For clarity 
the connections between these sub-blocks and other SoPEC blocks and between each of the sub-blocks are 
shown in two separate diagrams. 
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Figure 19. MMU Sub"block partition, external signal view 
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Figure 20. MMU Sub-block partition, internal signal view 

ff.6.6.f LEON Bridge 

At the time of writing it is expected that the LEON core will be used with its AHB interface rather than be 
modified to comply with the protocols used on SoPEC, in particular the DIU protocol for DRAM access. 
The LEON bridge consists of an AHB bridge and some glue logic. The AHB bridge will convert between 
the AHB and the DIU and CPU subsystem bus protocols. The AHB bridge will always be a slave on the 
AHB. Glue logic will be required to assist with endianness coherency, interrupts and other miscellaneous 
signalling. 



Table 20. LEON bridge l/Os 



Global 80PEC signals 



prst_n 


1 


tn 


Global reset Synchronous to pctfc. active low. 


pdk 


1 


In 


Clobat dock 


LEON Bridge to AHB signals 


haddr(31:0] 


32 


In 


AHB address t)us 


hwdata[31X)J 


32 


In 


AHB write data bus 


hrdatal31:0] 


32 


Out 


AHB read data bus 


hseJ 


1 


In 


AHB slave select signal 
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Tabre 20. LEON bridge VOs 









hwrite 


1 


In 


AHB write signal: 
1 - Write access 
0 * Read access 


htrans 


2 


In 


Indicates the type of the current transfer 
00 -IDLE 
01 • BUSY 

10- NONSEQ 

11- SEQ 


hsize 


3 


In 


Indteates the size of the current transfer: 

000 • Byte transfer 

001 -Halfword transfer 

010 • Word transfer 

01 1 - 64-bit transfer funsijnnoftAH?) 

1 XX - Unsupported larger wordsizes 


h burst 


3 


In 


iiiuivciiw ■( uio vWifOi H ilclii9iVi iviiiKi |Min Ol 0 DUlSl anU 1110 Cype Ol 

burst 

000 • SINGLE 

001 - INCR 

010 - WRAP4 

011 -INCR4 
100 -WRAPS 
101 • INCR6 
110-WRAP16 
111 - IIMCR16 


hpfot 


4 


In 


Protection control signals pertaining to tfie current access: 
hprol{0] - Opcode(O) / Data(1) access 
hprot[1] • User(0} / Supervisor access 

hprot[2j • Non-bufferable<0) / Bufferat}le<1) access (unsupported) 
hprot(3] - Non-cacheable(O) / Cacfieatde access 


hmaster 


4 


In 


Indicates the identity of the current bus master. This will always be 
the LEON core. 


hmastlock 


1 


In 


Indicates that the current master le performing a locked sequence 
of transfers. 


hread/ 


1 


Out 


Active high ready signal Indicating the access has oompleted 


hresp 


2 


Out 


Indicates the status of the transfer: 

00-OKAY 

01 - ERROR 

10 -RETRY 

11 - SPLIT 


hsplit 


16 


Out 


This 16-bit split bus is used by a slave to indicate to the artiiter 
wtuch bus masters stiould be allowed attempt a spill transaction. 
This feature wtD be unsupported on the AHB bridge 


Toptevel/ Common LEON bridge signals 


cpu_dataoutC31 K)] 


32 


Out 


Data out bus to both DRAM and peripheral devices. 


cpu_fwn 


1 


Out 


Read/NotWrite signal. 1 = Current access Is a read access, 0 = 
Current access is a write access 


icu_cpu_nevel[3:0J 


4 


In 


An interrupt Is asserted by driving the appropriate priority level on 
tcu^cpuJlQVBt. These signals most remain asserted until the CPU 
executes an interrupt acknowledge cyde. 


cpu_icuJleve([3K)] 


4 


tn 


Indicates the level of the interrupt the CPU is acknowledging when 
cpu^iac^ is high 
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Table 20. LEON bridge l/Os 



cpu^iack 




Out 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core imple mentation 


cpu_start.access 


1 


Out 


Start Access signal Indicating the start of a data transfer and that 
the cpu_adr, cpu_dataout, cpu^rwn and cpu_acode signals are all 
valid. This signal Is only asserted during the first cyde of an access 


cpu_ben(1 rOJ 


2 


Out 


Byte enable signals. 


LEON core to LEON bridge signals 


iui.irl 


4 


Out 


Interrupt level request to the LEON Integer Unit 


iuoJrl 


4 


In 


Acicnowledoed intemjpt level from the LEON Integer Unit 


hjo.rntacK 


1 


In 


Interrupt acknowledge signal from the LEON integer Unit 


LEON bridge to MMli 


Controf Block signals 


cpu^mmu^adr 


32 


Out 


CPU Address Bus. 


mmu_cpu_data 


32 


In 


Data bus from the MMU 


mmu_cpu_rdy 


1 


In 


Ready signal from the MMU 


cpu_mnnu_acode 


2 


Out 


Access code signals to the MMU 


mmu„cpu_berr 


1 


in 


Bus error signal from the MMU 



Oesorlption: 

The LEON bridge must ensure that all CPU bus and interrupt transactions are ftinctionally correct and that 
the timing requirements are met This sub-block is also responsible for ensuring endianness coherency i.e. 
guaranteeing that the correct data appears in the correct position on the data buses {hrdata, cpu^dataout 
and mmu_cpu_data) for every type of access. This is a requirement because the LEON uses big-endian 
addressing while the rest of SoPEC is little-endian. 

It is expected that some signals (especially those external to the CPU block) will need to be registered here 
to meet the timing requirements. Careful thought will be required to ensure that overall CPU access times 
are not excessively degraded by the use of too many zegtster stages. 



11,6.6.2 DIU Bus Interface 

The Dru bus interface will handle all valid accesses to the embedded DRAM via the DIU. The DIU bus 
interface ensures that the access conforms to the DIU bus protocol while the DIU manages the arbitration 
and data alignment. 



Table 21. OIU Bus Interface l/Os 





Mil 




Global SoPEC signals 


prst„n 


1 


in 


Global reset. Synchronous to pdk, acth^e low. 


pcllc 


1 


in 


Global doclc 


Topievel/Common DIU Bus Interface signals 


dram_cpu_data(255:0) 


256 


in 


Read data from the DRAM. 


cpu_diu_rreq 


1 


Out 


Read request to the DIU DRAM 


dlu_cpu_faclc 


1 


In 


Acknowledge from DIU trtat read request has been accepted. 


diu_cpu_rvalld 


1 


In 


Signal from DIU indicating that valid read data is on the 
dram_cpu^data bus 


cpu_diu_wreq 


1 


Out 


Write request to the OIU 
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Tabre 21. DIU Bus Interface UOs 























dni.cpu.wack 


1 


In 


Acknowledge from the DIU thai the write request has been 
accepted 




cpu^dlu.wvalfd 


1 


Out 


Signal from the CPU to the DIU Indrcating that the data currently on 
the qpu.dataoaf bus is valid 


1 


cpu_diu_wmask[l :0] 


2 


Out 


Rag Indicating format of CPU write to DRAM. These signals are 

directty derived from the cpu^ben signals 

cf>ujcSiu_wmask = 00: 8-blt write 

cpu^diu^wmask = 01 : 1 6-bil write 

cpu_diu^wmask~ 10: 32-bit write 

<^u^diu_wmask =11: reserved 








cpu_adrt2:0J are driven in accordance with the width of the data 
access indicated by cpu_diu_wmask. Addresses cannot cross a 
256-bit word DRAM boundary. 


1 


dram_rdy 


1 


Out 


Data Ready signal. Indicates the data on the dram_cpujdata bus Is 
valid for a read cyde or that the data was successfully dispatched 
to the DIU for a write cyde. 




DIU Bus Interface to MMU Control Block signals 


1 


cpu_adrt21:0I 


22 


In 


Toplsvel CPU Address bus. 


1 


dram.data(31:0J 


32 


Out 


Data bus containing the 32 bits addressed by cpu_adff4:2]irom the 
256-bit DRAM read bus drstm^cpujdata 




dfBrn.aocess.en 


1 


Jn 


Enable Access signal. A DRAM access cannot be initiated unless it 
has been enabled by the MMU Control Unit 




DfU Bus Interface to ICactie signals 




lc_cache.hit 


1 


In 


Cache hit signal from the ICache. This indicates that the current 
CPU read request is being serviced by the ICache and so should 
not be retrieved from the DRAM. 


1 


DIU Bus Interface to UEON bridge signals 


1 


cpu_ben[1:0] 


2 


In 


8yt6 enable signals from the LEON bridge. These are forwarded on 
to the DIU as the C5pw_c//u_wrnasAr signals 


1 


cpu.start_access . 


1 


In 


Start Access signal from the LEON bridge Indicating the start of a 
data transfer and that the cpu^adr, cpujdataout cpu^fwn and 
cpu^acode signals are all valid. This signal is only asserted during 
the first cyde of an access. 



Description: 

The DIU Bus Interface handles all data transfers between the CPU (or ICache) and the DIU. This involves 
translating between the different protocols used on the DIU and CPU buses. The validity (i.e. is the CPU 
running in the correct mode for the address space being accessed) of an access is determined by the MMU 
Control Block which also checks that a DRAM access does not cross a 256-bit boundary (as required by 
the DIU) and the dram_access^en is asserted if it is a valid access. Invalid accesses do not initiate DRAM 
accesses. The operation of the DIU Bus Interface is described by the state machine shown in Figure 21 and 
the DIU bus protocol is described in more detail in section 20.9. The DIU will return a 256-bit dataword 
on dram_cpu_data[255:0] for every read access. The DIU Bus Interface must select the appropriate 32-bit 
word from this according to the word address given by cpu_adr[4:2]. 
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cpu_diu_rreq « 0 
cpo_diu_wreq = 0 
cpu_diu_wvalid = 0 

drani_rdy * 0 



CPU start fteeftM 




dram^fdy = 0 



tihi COM VYvaifd.g^Q 
dram^rdy « 0 



Figure 21. DIU Bus interface state machine 



i1.6.€.3 CPU Subsystem Bus interface 

The CPU Subsystem Interface block handles all valid accesses to the peripheral blocks that comprise the 
CPU Subsystem. . f 



Table 22. CPU Subsystem Bus Interface l/Os 











Global SoPEC signals ^ ~ 


prst^n 




In 


Global reset. Synchronous to pdk, active low. 


pclk 




In 


Global dock 


Toplevel/Common CP 


U Subsystem Bus Interface signals 


cpu_cpr_sel 


1 


Out 


CPR block select 


cpu_gpio_sel 


1 


Out 


GPIO block select. 


cpu_fcu_sel 


1 


Out 


ICU block select 


cpujss_sel 


1 


Out 


LSS block select. 


cpu_pcu_sel 


1 


Out 


PCU block select. 
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Table 22. CPU Subsystem Bus Interface l/Os 

















cpu_scb_sel 




Out 


SCB block select. 


cpu_tim_8e] 




Out 


Timers Wock select. 


cpu_rom_sel 




Out 


ROM block select. 


cpu_pss_sel 




Out 


PSS block select. 


cpu„diu_sef 




Out 


DIU block select 


cpr_cpu_datar31:0] 


32 


In 


Read data bus from the CPR bkxk 


gpio_cpu_data[31:0] 


32 


In 


Read data bus from the GPtO block 


Icu_cpu_datal31 :0] 


32 


In 


Read data bus from the ICU bk>ck 


lss_cpu_dataI31 :0) 


32 


In 


Read data bus from the LSS block 


pctJ_cpu_data{31 K)J 


32 


In 


Read data bus from the PCU btock 


scb_cpu^data[31 :0] 


32 


In 


Read data bus from the SCB block 


tim_cpu_data(31 :0] 


32 


In 


Read data bus from the Timers block 


rom_cpu_data(31 :0] 


32 


in 


Read data bus from the ROM btock 


pss_cpu_data|31:0) 


32 


in 


Read data bus from the PSS bk>ck 


diu.cpu_data(31:03 


32 


In 


Read data bus from the OIU block 


cpr_cpu_rdy 


1 


In 


Ready signal to the CPU. When cp/LqpLLrOy Is high it indteates the 
last cycle of the access. For a write cyde this means cpu^dataout 

■ kr^cii icyioLcivu \ij Ult7 Orn muvn afiU lOi a rSaO CyCIO UilS 

means the data on cpr^cpujdata is valid. 


y J** 1 v/_vji u _i vj y 


1 


In 


GPIO ready signal to the CPU. 




1 


In 


ICU ready signal to the CPU. 


Iss cpu fdy 


1 


In 


LSS ready srgnat to the CPU. 


DCU CDu rdv 


1 


In 


PCU ready signal to the CPU. 


set) cpu rdy 


1 


In 


SCB ready signal to the CPU. 


tim_cpu rdy 


1 


In 


Timers block ready signal to the CPU. 


rojTi cnu rdv 




In 


ROM block ready signal to the CPU. 


pss_cpu_fdy 




In 


PSS bkxk ready signal to the CPU. 


diu_cpu_rdy 




In 


DIU register btock ready signal to the CPU. 


cpr_cpu_berr 




In 


Bus Error signal from the CPR block 


flpio_cpu_berr 




In 


Bus Error signal from the GPIO block 


lcu_cpu„berr 




In 


Bus Error signal from the ipU block 


lss_cpu_berr 




In 


Bus Error signal from the LSS block 


pcu-cpu_berr 




In 


Bus Error signal from the PCU btock 


scb_cpu_berr 




In 


Bus Error signal from the SCB block 


tim_cpu_berr 




In 


Bus Error signal from the Timers block 


rom_cpu.berr 




In 


Bus Error signal from the ROM block 


pss_cpu.berr 




In 


Bus Error signal from the PSS block 


diu_CFkj_berr 




In 


Bus Error signal from the DIU Wock 


CPU Subsystem Bus Interface to MMU Control Block signals 


cpu_adr[19:12] 


6 


in 


Toplevel CPU Address bus. Only bits 19-12 are required to decode 
the peripherals address space 


peri.access.en 


1 


In 


Enable Access signal. A peripheral access cannot be initiated 
unless it has been enabled by the MMU Control Unit 
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Table 22. CPU Subsystem Bus Interface l/Os 







1^ 




peri_mniu_data(31 :0J 


32 


Out 


Data bus from the selected peripheral 


peri_mmu_rdy 


1 


Out 


Data Ready signal. Indicates the data on the penLmmu.data bus Is 
valid for a read cyde or that the data was successfully written to the 
peripheral for a write cyde. 


peri_mniu^berr 


1 


Out 


Bus Error signal. Indicates a bus error has occurred in accessing 
the selected peripheral 


CPU Subsystem Bus 


Interface to LEON bridge signafs 


cpu_start.aocess 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data tmnsfer and that the cpu^adr, cpu^dataout, cpu nvn and 
cpu^aaxSe signals are ail valid. This signal is only asserted during 
the first cyde of an access. 



// The p€ri_access_en signal will have the 
// timing required for block selects 



Description: 

The CPU Subsystem Bus Interface block perfonm simple address decoding to select a peripheral and mul- 
nplexmg of the returned signals from the various peripheral blocks. The base addresses used for the 
K K^!^'f!l?° are defined in Table 16. Note that access to the MMU configuration registers are handled 
by the MMU Control Block rather than the CPU Subsystem Bus Interface block. The CPU Subsystem Bus 
Interface block operation is described by the following pseudocode: 

inasked_cpu_adr = cpu_adr 1 19 : 12] 
case (inasked_cpu_adr) 
when TIM_base[19;12] 

cpu_tiin_sel = peri_access_en 

peri_jtiniu_data = tiin_cpu_data 

peri_flrtmu_rdy ^ tim_cpu_rdy 

peri.jnniu_berr = tim_cpu_berr 

all.other^selects =0 // shorthand to ensure other cpu.block^sel signals 

// remain deasserted 

when LSS_base[ 19:121 

cpu_lss_sel • peri_access_en 
periji«iu_data = lss_cpu_data 
peri_|T5nu^rdy = lss_cpu_rdy 
peri_inrau_berr = lss_cpu_berr 
all_other_selects = 0 
when GPlO_base[19:121 

cpu_gpio_sel = peri_access_en 
peri^intttu^data « gpio_cpu_data 
peri_pTOu_rdy » gpio_cpu_rdy 
peri,^nniu„berr = gpio_cpu_berr 
all^other^selects = 0 
when SCB_base(19:12] 

cpu_scb_sel s peri_access_en 
perij!Tniu__data = scb_cpu_data 
perijimurdy = scb_cpu_rdy 
perijmnu^berr = scb_cpu_berr 
aH_other_selects = 0 
when ICU_basetl9:12] 

cpu_icu_3el = peri_access_en 
perijninu_data = icu_cpu_data 
peri_jnmu_rdy = icu_cpu_rdy 
peri_Attnu_berr = icu_cpu_berr 
all_other_selects a» 0 
when CPR_base(19:12) 

cpu_cpr_sel = peri_access_en 
peri jiimu_data = cpr_cpu_data 
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peri^mmu^rdy = cpr_cpu_rdy 
peri_nitiu_berr = cpr_cpu^berr 
all_other_selects « 0 
when R0M_base[19: 121 

cpu_rom^sel = peri_accesa„en 
peri_rnmu_data = ronv_cpu_data 
peri_iitmu_rdy = ron\_cpu_rdy 
peri_inmu_berr = ron\_cpuJberr 
all_other^selects a 0 

when PSS_base[19:12] 

cpu_pss_sel = peri_access_en 
peri_irEnu_diata = pss_cpu_data 
peri_jninu_rdy = pss_cpu_rdy 
peri_mrau_berr « pss^cpujberr 
all_other_selects = 0 

when DIU_bosetl9:12) 

cpu_diu_ael » peri_access_en 
peri_mmu_data = diu_cpu_data 
peri_mmu_rdy = diu^cpu^rdy 
perijninu_bei:r = diu_cpu_berr 
all_other_selects = 0 

when PCU_base[19;12) 

cpu_diu_Bel = peri_access_en 
peri_nimu_data = pcu_cpu_data 
peri_inmu_rdy = pcu_cpu_rdy 
peri_iniiu_borr = pcu_cpu_berr 
all_other_aelects = 0 

when others 

I all_block_selecta = 0 

peri_inmu_data = 0x00000000 
peri_iitnvu_rdy s 0 
peri_inmu_b€rr = 1 
end case 



ft.6.6.4 MMU Control Block 

The MMU Control Block determines whether every CPU access is a valid access. No more than one cycle 
is to be consumed in determining the validity of an access and all accesses must terminate with the asser- 
tion of either mmu_cpu_rdy or mmu_cpujyerr. To safeguard against stalling the CPU a simple bus timeout 
mechanism will be supported. 



I Table 23. MMU Control Block l/Os 











Global SoPEC signals 


prst_n 


1 


In 


Global reset. Synchronous to pc//r, active low. 


pcJk 


1 


In 


Global dodc 


Toplevel/Common MMU Control Block signals 


Cpu_adrt21:0] 


22 


Out 


Address bus for both DRAM and peripheral access. 


cpu_acode{1 :0] 


2 


Out 


CPU access code signals (qpuL/nmuLacodd) retimed to meet the 
CPU Subsystem Bus timing requirements 


dram_access_en 


1 


Out 


DRAM Access Enable signal. Indicates that the current CPU 
access is a v^ld DRAM access. 


MMU Control Block to LEON bridge signals 
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Tabfe 23. MMU Control Block l/Os 











cpu_mmu_aari3i :oj 


32 


In 


CPU core address bus. 


cpu.datA0tit(3 1 .*0] 


32 


In 


Toplevel CPU data bus 


fnmu_cpu.(lata(31 :0] 


32 


Out 


Data bus to Itie CPU core. Carries tlie data for all CPU roaH /tnara 
trons 


cpu_rwn 


1 


In 


Toplevel CPU Read/notWrite signal. 


cpu_mniu_acode(1 .-Oj 


2 


In 


CPU access code signals 




1 


Out 


Ready signal to the CPU core. Indicates the completwn of all valkJ 
CPU accesses. 


mmu_cpu_berr 


1 


Out 


Bus Error signal to the CPU core. This signal is asserted to termi- 
ruite an invalkj access. 


cpu_stan.access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu^adr, cpu_dataout, cpu^rwn and 
cpu^acode signals are all valid. This signal is only asserted during 
the first cycle of an access. 


cpujack 


1 


In 


Interrupt Acknowfedge signal from the CPU. This signal Is only 
asserted during an interrupt acknowledge cycle. 


cpu_ben[1 .-0] 


2 


in 


Byte enable signals indkating which bytes of the 32-bit bus are 
being accessed. 


MMU Control Block to 


OIU Bus Interface signals 


dram_rtly 


1 


In 


Data Ready signal. Indicates the data on the dram_cpu^data bus is 
valid for a read cycle or that the data was successfully dispatched 
to the DiU for a write cyde. 


MMU Control Block to 


(Cache signals 


ic_data[31:0] 


32 


In 


Data bus from the 1 Cache 


ic_rdy 


1 


in 


Ready signal from the tCache indicating the data on ic data is valid 


MMU Control Block to CPU Subsystem Bus Interface signals 


perl_access_en 


1 


Out 


Enable Access signal. A peripheral access cannot be initiated 
unless it has been enabled by the MMU Control Unit 


peri_mmu_data(3l rOJ 


32 


In 


Data bus from the selected peripheral 


p€ri_mmu_rdy 


1 


In 


Data Ready signal. Indicates the data on the peri_mmu_data bus Is 
valid for a read cyde or that the data was successfully %vritten to the 
peripheral for a write cyde. 


pefi_nrimu_berr 


1 


In 


Bus Error signal. Indicates a bus error has occurred in accessing 
the selected peripheral 



DBScription: 

The MMU Control Block is responsible for the MMU's core f\xnctionality, namely determining whether or 
not an access to any part of the address map is valid An access is considered valid if it is to a mapped area 
t Kxx ^^^^ "^^""^ appropriate mode for that address space. Furthermore 

the MMU control block must correctly handle the special cases that are: an interrupt acknowledge cycle a 
reset exception vector fetch, an access that crosses a 256-bit DRAM word boundary and a bus timeout 
condition The following pseudocode shows the logic required to implement the MMU Control Block 
functionality. It does not deal with the riming relationships of the various signals - it is the designer's 
responsibility to ensure that these relationships are couect and comply with the different bus protocols 
For simplicity the pseudocode is split up into numbered sections so that the functionality may be seen 
more easily. ^ 
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PSO Description: This first segment of code defines a number of constants and variables that are used 
elsewhere in this description. Most signals have been defined in the I/O descriptions of the MMU sub- 
blocks that precede this section of the document. The postj^esetjstate variable is used later (in section 
PS4) to detenninc if we should translate the reset exception vector address or trap a null pointer access. 

PSO: 

const UnusedBottom = Ox002ACOOO 
const DRAMTop = Ox0027FFFF 
const UserDataSpace = bOl 
const UserProgramSpace » bOO 
const SupervisorDataSpace = bll 
const Supervisor ProgramSpace = blO 

const tiiceout^limit = 0x40 // Need to confirm that this is a suitable value 
const ResetExceptionCycles » 0x8 

cpu_adr_peri^jnaskedr7 :01 = cpu_mmu_adr [ 19 : 12 ] 
cpu_adr_dran\_jnasJcGd[16 :0) = cpu_inmu_adr & 0xO03FFFEO 

if (prst_n == 0) then // Initialise everything 

cpu_adr « cpu_iinmi_adr [21 : 0] 
peri_accesg_en = 0 
drain_access_en » 0 
nmu_cpu_data = perijnmu^data 

CpUwi"dy » 0 
nciiu.cpu_berr - 0 
post_reset_state = TRUE 
access.itiitiated = FALSE 
cpu_access^cnt = 0 

// The following is used to determine if we are coming out of reset for the purposes of 
// reset exception vector redirection. There may be a convenient signal in the CPU core 
// that we could use instead of this. 

if ( (cpu_start_access «= 1) AND (cpu_access_cnt < ResetExceptionCycles > AND 
(clocH_tick == TRUE)) then 
cpu_access_cnt = cpu_access_cnt +1 
else 

post_reset_state = FALSE 

PSl Description: This section is at the top of the hierarchy that determines the validity of an access. The 
address is tested to see which macro-region (i.e. Unused, CPU Subsystem or DRAM) it falls into or 
whether the reset exception vector is being accessed. 

PSl: 

if < cpu_pnnu_adr >= UnusedBottom) then 

// The access is to «ui invalid area of the address space. See section PS2 

els if < (cpu_mnu_adr > DRAMTop) AND (cpu_mrau_adr < UnusedBottom)) then 

//We are in the CPU Subsystero/PEP Subsystem address space. See section PS3 

// Only remaining possibility is an access to DRAM address space 

// First we need to intercept the special case for the reset exception vector 

els if (cpu_iT«ui_edr < 0x00000010) then 

// The reset exception is being accessed. See section P54 

elsif < (cpu„adr_drajn_masked >= RegionOBottom) AND (cpu_adr_dram_raasked <= 
RegionOTop) ) then * 
//We are in RegionO. See section PS5 

elsif ( ( cpu_adr_dranuraasked >= RegionNBottom) AND {cpu_adr_dranv_mas)ced <= 
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RegionNTop) ) then //we are in RegionN 
// Repeat the RegionO (i.e. section PS5) logic for each of Regionl to Region? 

else //We could end up here if there were gaps in the DRAM regions 
peri_access_en = 0 
dran;__access__en = 0 

nnnu_cpu_berr = 1 //we have an unknown access error, moat likely due to hitting 
inmu_cpu_rdy =0 //a gap in the DRAM regions 

// Only thing remaining is to irnplement a bus timeout function. This is done in PS6 

end 

P$2 DescriptiOQ: Accesses to the large unvised area of the address space are trapped by this section. No 
bus transactions are initiated and the mmu^cpujberr signal is asserted. 

PS2: 

elslf (cpu^nniu.adr >= UnusedBottoin) then 

peri_acce86_en = 0 // The access is to an Invalid area of the address space 
draii\_access_en = 0 
xnmu_jcpu.berr = 1 
nirau_cpu_rdy » 0 

PS3 Description: This section deals with accesses to CPU Subsystem peripheials, including the MMU 
itself. If the MMU registers are being accessed then no external bus transactions are required. Access to 
the MMU registers is only permitted of the CPU is making a data access from supervisor mode, otherwise 
a bus error is asserted and the access terminated. For non-MMU accesses then transactions occur over the 
CPU Subsystem Bus and each peripheral is responsible for determining whether or not the CPU is in the 
correct mode (based on the cpujacode signals) to be permitted access to its registers. Note that all of the 
PEP registers are accessed via the PCU which is on the CPU Subsystem Bus. 

PS3: 

elsif { ( cpu_jTOiu_adr > DRAMTop) AND (cpujnmu^adr < UnusedBottoin) ) then 
//We are in the CPU Subsystem/ PEP Subsystem address space 

cpu^adr = cpu_nimu_adr (21:01 

if <cpu_adr_peri_ma3ked == MMU^base) then // access is to local registers 
peri.access_en = 0 
draxiv_acces5_en = 0 

if (cpu_acode == SupervisorDataSpace) then 
for (i=0; i<26; i+*) { 

if ((i a« cpu_inniu_adr(6: 2) ) then // selects the addressed register 
if (cpu_rwn «= 1) then 

irmu_cpu_data { 16:0] = MMUReg[i] // MMURegti] is one of the 
ninu_cpu.rdy = 1 // registers in Table 18 

mmu_cpu^berr = o 
else // write cycle 

MMURegCi] = cpu_dataout [16s 0) 
''nmu_cpu_rdy = 1 
iwiiu_cpu_berr = 0 
else // there is no register mapped to this address 

irimu_cpu_berr » 1 // do we really want a bus^error here as registers 
ramu_cpu_rdy = 0 // are just mirrored in other blocks 

else // we have an access violation 
ramu^cpu_berr « 1 
"°nu_cpu_rdy « 0 

else // access is to something else on the CPU Subsystem Bus 
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i3 



peri_acccss_en = 1 
dranuaccess.en = 0 
nTOu_cpu_data = perijnmu^data 
inmM_cpu_rdy = peri_ininu_r<^ 
irenu_cpu_berr = peri_|!imu_berr 

PS4 Description: The only correct accesses to the locations beneath 0x00000010 are fetches of the reset 
ti^ handling routine and these should be the first accesses after reset Here we trap all other accesses to 
these locations regardless of the CPU mode. This most likely cause of such an access will be the use of a 
null pomter in the program executing on the CPU. 

PS4: 

elsif (cpu.mmu.adr < 0x00000010} then //may need to translate a wider range - depends 
If (post reset.state TRUE)) then ' // on how LEON handles the reset exception. 
cpu_adr[21:0] = {R0H_baseC2l : 3] , cpu jnmu_adr [ 2 : 0 1 > 
peri_access_en = 1 
drain_acce3s_en = 0 
n™u_cpu_data = peri_jnmu_data 
innu_cpu_rdy = peri_nTinu_rdy 
inmu_cpu_berr = peri_rnmu_berr 
else //we have a problem {almost certainly a null pointer) 
peri_acces s_en = 0 
dran\_access_en = 0 
inmu_cpu_berr s l 
mmu_cpu_rdy = 0 



PS5 Description: This large section of pseudocode simply checks whether the access is within the bounds 
of DRAM RegionO and if so whether or not the access is of a type permitted by the RegionOControl regis- 
ter. If the access is permitted then a DRAM access is initiated for all data accesses and for instruction 
fetches that result in a cache miss. All instniction fetches are returned via the ICache interface regardless 
of whether they come from a cache hit or refill from DRAM. If the access is not of a type permitted by the 
R^ionOControl register then the access is terminated with a bus error. 



PS5: 



eXsif ((cpu_adr_draiiutnas)ted >= RegionOBottom) AND <cpu_adr_drainjnas)ced <= 
RegionOTop) ) then //we are in RegionO 

// We need to checit that the DRAM access does not cross a 256-bit boundary 
// Only 16 or 32-bit CPU accesses are capable of traversing a 256-bit boundary 

it ( ((cpu_mmu_adr[4:0J OxlF) AND {<cpu_ben == bOl) OR (cpu^ben »« biO))) 
OR ( (cpujranu_adr(4 :0] == OxlE) AND (cpu^ben == blO) ) 
OR {(cpu_iranu_adr[4:0] == OxlD) AND (cpu_ben blO) ) ) then 
peri_access_en = 0 
drain_access_en = 0 
nimu_cpu_berr = 1 
mmu_cpu_rdy = 0 

else // access does not cross 256-bit boundary so we can proceed 
cpu_adr cpu,jmnu_adr (21 : 0] 
if (cpu_rwn 1) then 

if (<cpu_acode SupervisorProgramSpoce AND RegionOControl [2 ) == 1)> 
OR (cpu_acode UserProgramSpace AND RegionOControl ( S J =s l)) then 

// this is a valid instruction £etch from RegionO 
peri_access_en = 0 
drain_access_en = 1 
nOTu_cpu_da t a = i c_da t a 
inmu_cpu_rdy = ic_r<^ 
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nnnu—Cpu^berr = 0 



iif ( (cpu^acode == SupervisorDataSpace AND RegionOControX (0] == 1) 
OR (cpu_acode =« UaerDataSpace AND RegionOControl C3 3 == 1)) then 

// this is a valid read access from RegionO 

peri_access_en = 0 
drain_access_en = 1 

inmu_cpu_daca = dranudata // possibly drc_data if dcache is used 
mrau_cpu_rdy = drain_rdy // possibly drc_rdy 
inmu_cpu_berr = 0 



^® // we have an access violation 

peri_acc€ss_en = 0 
draituaccess_en = 0 
mmu_cpu_berr = 1 
nnnu_cpu_rdy = 0 



// it is a write access 
if ((cpu_acode == SupervisorDataSpace AND RegionOControl (11 == 1) 

OR <cpu_acode == UserDataSpace AND RegionOControl f4J s= I)) then 

// this is a valid write access to RegionO 



peri_access_en = o 
drarrv_access_en = 1 
inrau_cpu^rdy = dram_rdy 
iiiinu_cpu_berr = 0 
else 

peri_access_en = o 
drajTt.access_en = 0 
xninu_cpu_berr = 1 
niniu_cpu_rdy = 0 



// possibly dwc_rdy if dcache is used 
//we have an access violation 



PS6 Descriptioa: This final section of pseudocode deals with the special case of a bus timeout. This 
occurs when an access has been initiated but has not completed before the timeoutjimit number of pclk 
cycles. While access to both DRAM and CPU/PEP Subsystem registers will take a variable number of 
cycles (due to DRAM traffic, PCU command execution or the different timing required to access registers 
m imported IP) each access should complete before the timeoutjimit occurs. Therefore it should not be 
possible to stall the CPU by locking either the CPU Subsystem or DIU buses. However given the fatal 
effect such a stall would have it is considered prudent to implement bus timeout detection. 



PS6: 

// Only thing remaining is to implement a bus timeout function. 

if < (cpu_start_acces3 «== 1) then 
access_initiated = TRUE 
timeout.countdown » BusTimeout 

if ( <mrnu_cpu_rdy == 1 ) OR {mrau_cpu^berr =«! )) then 
access_initiated = FALSE 
peri_access_en = 0 
dranv_access_en = 0 

if ((clock^tick == TRUE) AND {access_initiated == TRUE)) 
if ( tiineout_countdovna > 0) then 

t ime ou t_c oun tdown - - 
else // timeout has occurred 

peri_access_en =0 // abort the access 

dram^access^en « 0 
inmu^cpu_berr . = 1 
i™nu«cpu_rdy = 0 
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11.6.6.5 ICache 

The ICache sub-block implementation is described in section 11 .7. 1 . 1 . 



Si 



11.7 Cache 

The decision on what type of caching solution to use on SoPEC is still open for the moment There are 
two probable solutions: a) use the LEON caches with a minimal configuration (1 KB I and D caches) and 
b) use separate, simple one line 256-bit caches for instruction, data read and data write accesses. From a 
performance and (most likely) implementation point of view the LEON caches are the best solution how- 
ever they are much bigger than the one line caches (approx 6x). The one line caches do not offer the same 
degree of performance improvement as the LEON caches and are likely to add an extra cycle to all mem- 
ory accesses. The performance penalty for a LEON cache miss (i.e. for all memory accesses if we are not 
using the LEON caches) and the the best and worst case access times from DRAM have yet to be fully 
determined The final decision on which caching solution to use will be made when all such infonnation is 
available. 

Therefore the section on caches, which was present in previous versions of this document but is now 
mostly out of date, has been removed (the ICache is still relevant if one line caches are used and so is 
retained). 

1 1.7.1 Instruction Cache 

A caching mechanism would offer the advantage of greater aggregate performance while still guaranteeing 
a minimum level of performance. While greater performance may not be required at present for this appli- 
cation the caching mechanism offers greater efficiency (i.e. MIPS/MHz) and so the CPU clock could be 
reduced without affecting, or only negligibly affecting, the operating performance. The advantage here is 
that the design is scalable - better performance can be achieved by simply increasing the clock rate. 

As all reads from the embedded DRAM on SoPEC produce words that are 256 bits wide it is inefficient to 
hook this up to a 32-bit CPU bus as 224 bits of each read would be discarded. If the full 256-bit word is 
stored locally to the CPU as a single-line cache then a ??x performance improvement could be obtained in 
the typical case (this is of course highly code dependent). This single line cache would be very easy to 
implement as it would just involve the address to be compared to a single tag and no replacement algo- 
rithm would be required. Furthermore the area impact would be minor and there should be no performance 
penalty for cache misses. As the dramjcpu^data bus is 256 bits wide the requested word is immediately 
available to the CPU i.e. we do not need to perform critical word first reordering of the data. 

The instruction cache is only accessed for instruction fetches, not all CPU reads. These can be differenti- 
ated by signals emanating from the CPU. Non-instruction CPU reads would be supported by the data 
cache. In the case of a cache miss the read request is processed by the MMU to ensure the request is valid 
before a read request is generated on the relevant external (to the CPU block) bus. The MMU should be 
informed of a cache hit to ensure it does not generate an uimeccessary read request. This requires that the 
regions used to store code are aligned on 32-byte (256-bit) boundaries. 

As there is no requirement to have more time deterministic code execution the instruction cache cannot be 
disabled. 



11.7.1.1 ICache Implementation 

The Instruction Cache used in SoPEC is capable of storing just a single 256-bit DRAM word. An imple- 
mentation is depicted in Figure 22 below. The block I/Os are given in Table 24 and these should be viewed 
m conjunction with Figure 19 and Figure 20 for a complete depiction of the connectivity of the block. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 93 



SoPEC : Hardware Design 



S5 



Cach8_miss 



16 



255 



223 



191 



159 



Compare 



127 



95 



63 



31 



±±_t ±jkk 



1 



Load 



7 



52 <^ "sr 



o 

I 



E 



Figure 22. ICache Block Diagram 



Table 24. ICache UOs 











Global SoPEC signals 




prst_n 


1 


in 


Glottal reset. Synchronous to pdk, active low. 


pdk 


1 


In 


Global dock 


Topiavei ICache signals 


dram_cpo_data[255:0] 


256 


fn 


Data bus from the OIU 


cpu_acode(1 .-0) 


2 


in 


CPU access control signals 


cpu_adr[21:2] 


20 


In 


CPU core address bus. 


ICache to DfU Bus interface signals 


ic_cache_hit 


1 


Out 


Cache hit signal. This indicates that the cun'ent CPU read request 
is being serviced by the ICache and so should not be retrieved from 

the DRAM, 


dram^rdy 


1 


In 


Data Ready signal. Indicates the data on the tfram cpu data bus \s 
valid. " " 


ICache to MMU Control Block signals 


1 ic_da1a(31 :0] j 


32 j 


Out 1 


ICache data bus 
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Table 24. ICache l/0$ 











ic_fdy 


1 


Out 


Ready signal from the ICache indicating the data on ic data is valid 


(lfam_access_en 


1 


Out 


DRAM access enable signal. Indicates that the current CPU access 
is a valid ORAM access. 



Description: 

The Tag stores the DRAM word address of the word currently in cache. The Tag contents are compared 
with cpu_adr[2I:5] each time the CPU requests an instruction fetch from a valid DRAM address (indi- 
cated by cpu^acodefO] and dram_access_en). If a match occurs (i.e, a cache hit) the access is serviced by 
retummg the correct 32 bits (as selected by cpu^adr[4:2]) to the MMU Control Block. If a match does not 
occur (i.e. a cache miss) the ic^cachejxit line is held low indicating to the DIU Bus Interface that a 
DRAM access should commence. Completion of the DRAM access is signalled by the assertion of 
dram^rdy and this causes the ICache contents to be updated, the Tag value replaced and the relevant 32 
bits forwarded to the CPU accompanied by the assertion of the ic_rdy signal. It is updated each Ume the 
cache Ime is refilled from DRAM. AU instruction fetches from DRAM are cacheable. regardless of which 
DRAM region is being accessed (although the access permissions still need to match those programmed 
for the region) and whether the CPU is in user or supervisor mode. 



11.7.2 Data Cache 



1 1 .8 Realtime Debug Unit (RDU) 

The RDU facilitates the observation of the contents of most of the CPU addressable registers in the SoPEC 
device in addition to some pseudo-registers in realtime. The contents of pseudo-registers, i.e. registers that 
are collections of otherwise unobservable signals and that do not affect the functionality of a circuit, are 
defined m each block as required. Many blocks do not have pseudo-registers and some blocks (e.g. ROM . 
. PSS) do not make debug information available to the RDU as it would be of litUe value in realtime debug.' 
Each block that supports realtime debug observation features a DebugSelect register that controls a local 
mux to determine which register is output on the block's data bus (U. block^cpu^datal One small draw- 
b^k with reusmg the blocks data bus is that the debug data cannot be present on the same bus during a 
CPU read from the block. An accompanying active high block^cpujdebug^valid signal is used to indicate 
when the data bus contains valid debug data and when the bus is being used by the CPU. There is no arbi- 
tration for the bus as the CPU will always have access when required. A block diagram of the RDU is 
shown in Figure 23. . 
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debug_data_valid 



debug_data_out(0] 



debug_data_out(1 7] 
< 




Debug 
Data17Src 
Register 

> 



cpr_cpu_debug_valid 

diLr_cpu_d0bug__valld 

Qpio_cpu_debug_vand 

icu_cpu_d ebug_valid 

lss_cpu_debug_vaHd 

pcu_cpu.debug_valld 

scb_cpu_debug_valid 

tim_cpu_debugLvaHd 

mmu^debug^valfd 



cpr-.cpu_datal31 K)] 
dlu.cpu.debug_data[31 K)] 
gpio_cpu_data[31 :0] 
icu_cpu_dataf31 :01 
lss_cpu_data[3 1 :0 j 
pcu_cpu_data[31 :0] 
scb_cpu_data[31 :0] 
tim.cpu_data[d1 :0] 

mmu^d6bug_data[3 1 :0] 



debug_cn tri[18:0l 




Figure 23. Realtime Debug Unit block diagram 



Table 25. RDU i/Os 




diu_cpu_data 


32 


In 


Read data bus from the DIU block 


cpr_cpu_data 


32 


In 


Read data bus from the CPR block 


0P*o_cpu_data 


32 


In 


Read data bus from the GPtO t>fock 


lcu_cpu_dala 


32 


In 


Read data bus from the ICU block 


Iss.cpu.data 


32 


In 


Read data bus from the LSS block 


pcu_cpu_debug_data 


32 


In 


Read data bus from the PCU block 
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Table 25. ROU l/Os 





lis 






scD.cpu.data 


32 


in 


Read data bus from the SCB block 


tim_cpu_<Jata 


32 


In 


Read data bus from the TIM block 


dtu.cpu.debug.valkf 


1 


In 


Signal Indicating the data on the cffu cpu data bus is valid debug 
data. 


tim_cpu_<febug_valid 


1 


In 


Signal Indfeating the data on the tim_cpu_data bus is valid debug 
data. 


scb_cpu_debug_vaJtd 


1 


In 


Signal indicating the data on the scb_cpu^data bus Is valid debug 
data. 


pcu_cpu_debug_va IkJ 


1 


In 


Signal indicating the data on the pcu^cpu^data bus is valid debug 
data. 


lss.cpu.debug.valid 


1 


In 


Signal indicating the data on the tss_cpu^data bus Is valid debug 
data. 


icu_cpu_debug.vatkf 


1 


In 


Signal indicating the data on the icu^cpu^data bus is valid debug 
data. 


OPio_cpu.debug_valid 


1 


In 


Signal indk»ting the data on tiie gpio cpu data bus is valid debug 
data. 


cpr_cpu_debug_valid 


1 


In 


Signal Indicating the data on the cpr_cpu_jjfata bus is valid debug 
data. 


debug_data_out 


18 


Out 


Output debug data to be muxed on to the PHI/GPlO/bther pins 


debug.data.valid 


1 


Out 


Debug valid signal indk:ating the validity of the data on 
debug_data_out. This signal is used in all debug configurattons 


debug^cntrt 


19 


Out 


Control signal for each PHI bound debug data line indicating 
whether or not tiie debug data should be selected by tiie pin mux 



As there are no spare pins that can be used to output the debug data to an external capture device some of 
the existing I/Os will have a debug multiplexer placed in front of them to allow them be used as debug 
pins. Unfortunately many of the pins on SoPEC cannot even be multiplexed in this fashion so it will not be 
possible to output a full 32-bit debug data word every cycle. The exact number of pins available for multi- 
plexing had yet to be finalised at the time of writing. This specification assumes 20 pins will be available 
but this can easily be revised up or, more likely, down. Furthermore not every pin that has a debug mux 
will always be available to carry the debug data as they may be engaged in their primary purpose e.g. as a 
GPIO pm. The RDU therefore outputs a debugjcntrl signal with each debug data bit to indicate whether 
the mux associated with each debug pin should select the debug data or the normal data for the pin.The 
DebugPinSei is used to determine which of the 20? potential debug pins are enabled for debug at any par- 
ticular time. 

As it is not possible to output a full 32-bit debug word every cycle the RDU supports the outputting of an 
n-bit sub-word every cycle to the enabled debug pins. Each debug test would then need to be re-run a num- 
ber of times with a different portion of the debug word being output on the n-bit sub- word each time. The 
data from each run should then be correlated to create a full 32-bit (or whatever size is needed) debug 
word for every cycle. The debugjiata^valid and jpclk^out signals will accompany every sub-word to allow 
the data to be sampled correctly. The pclk^out signal is sourced close to its output pad rather than in the 
RDU to minimise the skew between the rising edge of the debug data signals (which should be registered 
close to their output pads) and the rising edge oipclk^out. 

As multiple debug runs will be needed to obtain a complete set of debug data the n-bit sub- word will need 
to contain a different bit pattern for each nm. For maximum flexibility each debug pin has an associated 
DebugDataSrc register that allows any of the 32 bits of the debug data word to be output on that particular 
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debug data pin. The debug data pin must be enabled for debug operation by having its corresponding bit in 
the DebugPinSel register set for the selected debug data bit to appear on the pin. 

The size of the sub-word is determined by the number of enabled debug pins which is controlled by the 
DebugPinSel register. Note that the debugjdata_yalid signal is always output. Furthermore 
debugjcntrlfOJ (which is configured by DebugPinSel [OJ) controls the mux for both the debug_data_valid 
mdpclkjyut signals as both of these must be enabled for any debug operation. 

The mapping of debug_datajaut[n] signals onto individual pins will take place outside the RDU. When 
the exact mapping has been finalised it will be recorded here. A proposed mapping is shown in Table 26 
below. 



Table 26. Example DebugPinSel mapping 







0 


phLtrdk. The debug^datsumlid 9iqn^ will 
appear on this pin when enabled. Enabling this 
pin also automaticany enatries the phi.readl pin 
which will output the pcZ/Lout signal 


1 


phi_profiJe 


2 


phijsynd 


3 


test pin 1 


4 


test pin2 


5-18 


gpio|0...13] 



Table 27. RDU Configuration Registers 



0x80 


DebugSrc 




0x00 


Denotes which block is supplying the debug 
data. The encoding of this block is given below. 
0-MMU 
1 - TIM 

2- LSS 

3- GPIO 
4 - SCB 

5- ICU 

6- CPR 

7- DIU 

8- PCU 


0x84 


DebugPinSel 


19 


0x0^0000 


Detemiines whether a pin ia used for debug data 
output. A provisional mapping of pin to bit posi- 
tton is given in Table 26. 
1 - Pin outputs detMig data 
0 - Normal pin function 


0x88 to OxCC 


OebugDataSrcN 


5 


0x00 


Selects which bit of the 32-bit debug data word 
will be outputted on debug.data_out[N] 



11.9 Interrupt Operation 



The interrupt controller unit (sec chapter 14) generates an interrupt request by driving interrupt request 
lines with the appropriate interrupt level, LEON supports 1 5 levels of interrupt with level 15 as the highest 
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level (the SPARC architecture manual (32] states that level 15 is non-maskable but we have the freedom to 
mask this if desired). The CPU will begin processing an interrupt exception when execution of the current 
instruction has completed and it will only do so if the interrupt level is higher than the current processor 
priority. If a second interrupt request arrives with the same level as an executing interrupt service routine 
then the exception will not be processed until the executing routine has completed. 

When an interrupt trap occurs the LEON hardware will place the program counters (PC and nPC) into two 
local registers. The interrupt handler routine is expected, as a minimum, to place the PSR register in 
another local register to ensure that the LEON can correctly return to its pre-interrupt state. The 4-bit inter- 
rupt level {irt) is also written to the trap type {ti) field of the TBR (Trap Base Register) by hardware. The 
TBR then contains the vector of the trap handler routine the processor will then jump. The TEA (Trap 
Base Address) field of the TBR must have a valid value before any interrupt processing can occur so it 
should be configured at an early stage. 

Interrupt pre-emption is supported while ET (Enable Traps) bit of the PSR is set This bit is cleared during 
the initial trap processing. In initial simulations the ET bit was observed to be cleared for up to 30 cycles. 
This causes significant additional interrupt latency in the worst case where a higher priority interrupt 
arrives just as a lower priority one is taken. 

The interrupt acknowledge cycles shown in Figure 24 below are derived from simulations of the LEON 
processor and accompanying interrupt controller. This interrupt controller will be replaced by the ICU in 
the SoPEC design. The LEON signal names are used for future reference. An interrupt is asserted by driv- 
ing its (encoded) level on the iuLirl[3:0] signals. The LEON core responds to this, with variable timing, by 
reflecting the level of the taken intenrupt on the iuo.irifS. OJ signals and asserting the acknowledge signal 
iuoJntack,The interrupt controller then removes the interrupt level one cycle after it has seen the level been 
acknowledged by the core. If there is another pending interrupt (of lower priority) then this should be 
driven on iuUrlfS. OJ and the CPU will take that interrupt (the level 9 interrupt in the example below) once 
it has finished processing the higher priority interrupt. The iuo.irifS.OJ signals always reflect the level of 
the last taken interrupt, even when the CPU has finished processing all interrupts. 



pclk 



iui.ir([3:0] 



0x0 



0x5 



I 0x0 1 



^^OMIZIO] RS^^S^^S^^^S^^ 0x5 
lucintack 



iui.jrl[3;0] 
iuo.irl[3:0] 
iuo.intack 



0x9 



0x8 



OxA 



0x9 



Figure 24. Interrupt acknowledge cycles for a single and pending intemipts 
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11.10 Boot Operation 

See section 17.2 for a description of the SoPEC boot operation. 

11.11 Software Debug 

Software debug mechanisms are discussed in the "SoPEC Software Debug" document [15], 
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12 Serial Communications Block (SCB) 

12.1 Overview 

The Serial Communications Block (SCB) handles the movement of all data between the SoPEC and the 
host device (i.e. PC) and between master and slave SoPEC devices. The SCB consists of a USB 1.1 device 
controller, an Intcr-SoPEC Interface (ISI) and a DMA manager. A block diagram of the SCB is shown in 
Figure 25 below. The major blocks of the SCB, namely the ISI, USB and DMA manager, could be imple- 
mented as separate blocks but are integrated to take advantage of the performance gains and design simpli- 
fications that a tighter coupling allow. 



USB control 



SRAM 



4— ► 



USB 
Controller 



SRAM/ 
Regfile 



4 — > 



'sLgpio_dout[1 :01 



tsLgplo_e[1 :0J 



gpioJsi_din[1 :Q] 



ISI 



SOB 
Control 
Block & 
DMA 
Manager 




usb elk 




usb_cpr_reset_n 

cpu_adrln:2] 
cpu_dataout[31 :0] 
scb_cpu_data[31 :0] 

cpu_scb_sel 
cpu_rwn 
cpu_acode[2:0] 
scb_cpu_rdy 
scb_cpu_beiT 
dmajcujrq 
isLicuJrq 
usbjcu_irq 

scb_diu_wadr[21:5] 
scb_dlu_daLta[63:0] 
scb_dlu_wreq 
diu_scb_wack 
scb_diu_wvalid 



scb_cpu_debug,valld 



■> isi_cpr_reset_n 



prst_n 
pclk 



Figure 25. Serial Communications Block 

The USB Controller will be an imported piece of IP. There are many possible sources of this block but it is 
likely that it will be supplied by the silicon vendor - all three current silicon vendor candidates will supply 
USB 1 . 1 controllers, although some of these have been sourced from a third party. 

The SCB can be seen in the context of the overall SoPEC device in Figure 26 below 
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CPU sub-system 
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PHI 



PEP Configuration Bus 
Figure 26. SoPEC toplevel blocic diagram 
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12.2 Definitions of i/Os 



Table 28. Serial Communications Block I/O 









Cloclcs and Resets 


prst__n 


1 


In 


System reset signal. Active low. 


pdk 


1 


In 


System dock. . 


usb.dk 


1 


In 


aock for the USB oontroller Mode. 


isLcpr_reset_n 


1 


Otit 


Signal from the ISI indicating that ISI activity has been detected 
white in sleep mode and so the chip should be reset Active low. 


usb_cpr_rBset_n 


1 


Out 


Signal from the USB controller that a USB reset has occurred. 

Active low. 


CPU Interface 


cpu.adrfn^] 


nl 


In 


CPU address bus. Exact width is cun^ently TBD as It Is dependent 
on the address maps of imported tP 


cpu_dataout{31:0] 


32 


In 


Shared write data bus from the CPU 


scb_cpu_<fata(31:0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 




In 


Common read/hot-write signal from the CPU 


cpu_fc(2:0J 




In 


CPU Functk)n Code signals. 


cpu_scb_sel 




In 


Block select from the CPU. When cpu^scb^selis high both cpu adr 
and qptiLdiafaouf are valid 


scb_cpu_rciy 




Out 


Ready signal to the CPU. When sc6Lcpty_/tf/is high it indicates the 
last cyde of the access. For a write cyde this means cpu_dRtaLOvt 
has been registered by the SCB and for a read cyde this means the 
data on scb^cpujdata is vaitd. 


«cb_cpu_berr 




Out 


Bus error signal to the CPU indicating an invalid access. 


scb_cpu_debug_vafid 




Out 


Signal indicating that the data currently on scb_cpu_data is valid 
debug data 


Interrupt signals 


dmajcujrq 




Out 


DMA interrupt signal to the interrupt oontroller bk>ck. 


IsUcuJrq 




Out 


ISI interrupt signal to the interrupt contrDller block. 


usb_icujrq 




Out 


USB interrupt signal to the internjpt controller block. 


DIU interface 


scb_diu.wadff21:5] 


17 


Out 


Write address bus to the OIU 


scb_diu_dataI63.*0] 


64 


Out 


Data bus to the DIU. 


scb_dlu_wreq 




Out 


Write request to the DIU 


d{u_scb_wack 




In 


Acknowledge from the DIU that the write request was accepted. 


scb_diu_wvalid 




Out 


Signal from the SCB to the DIU Indicating that the data cun^entiy on 
the scb_dtu.ddta[63:0] bus is valid 


GPIO interface 


lsj_gplo_dout(l:01 


2 


Out 


ISr output data to GPIO pins 


isi_flpio_e[1 :0] 


2 


Out 


ISI output enat)le to GPIO pins 


fiptoJsLdin(1:0] 


2 


In 


Input data from GPIO pins to ISI 
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I 12.3 MULTI-SOPEC SYSTEMS 

While single SoPEC systems are expected to form the majority of SoPEC systems the SoPEC device must 
also support its use in multi-SoPEC systems such as that shown in Figure 27 below. A SoPEC may be 
assigned any one of a number of identities in a multi-SoPEC system. A SoPEC may be one or more of a 
PrintMaster. a LincSyncMaster, an ISIMaster. a StorageSoPEC or an ISISlave SoPEC 



' — — " — — — T 

replaceable i 
Ink cartridge i 




printhead assembly 



Figure 27. A3 duplex system featuring four printingVoPECs with a single 

SoPEC DRAM device 




12.3.1 ISIMaster device 

The ISIMaster is the only device allowed to drive the common ISI line (sec Figure 28) and interfaces 
directly with the host. In most systems the ISIMaster will simply be the SoPEC connected to the USB bus. 
Future systems, however, may employ an ISI-Bridge chip to interface between the host and the ISI bus and 
in such systems the ISI-Bridge chip will be the ISIMaster. There can only be one ISIMaster on an ISI bus. 

12.3.2 PrintMaster device 

The PrintMaster device is responsible for co-ordinating all aspects of the print operation. This includes 
starting the print operation in all printing SoPECs and communicating status back to the host. When the 
ISIMaster is a SoPEC device it is also likely to be the PrintMaster as well. There may only be one Print- 
Master in a system and it is most likely to be a SoPEC device. 
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12.3.3 UneSyncMaster device 

The LineSyncMaster device generates the Isync pulse that all SoPECs in the system must synchronize 
their line outputs with. Any SoPEC in the system could act as a LineSyncMaster although the PrintMaster 
is probably the most likely candidate. It is possible that the LineSyncMaster may not be a SoPEC device at 
all - it could, for example, come from some OEM motor control circuitry. There may only be one LineSyn- 
cMaster in a system. 




12.3.4 Storage device 

For certain printer types it may be realistic to use one SoPEC as a storage device without using its print 
engine capability - that is to effectively use it as an ISI-attached DRAM. A storage SoPEC would receive 
data from the ISIMaster (most likely to be an ISI-Bridge chip) and then distribute it to the other SoPECs as 
required. No other type of data flow (e.g. ISISlave -> storage SoPEC -> ISISlave) would need to be sup- 
ported in such a scenario. The SCB supports this functionality at no additional cost because the CPU han- 
dles the task of transferring outbound data from the embedded DRAM to the ISI transmit buffer. The CPU 
in a storage SoPEC will have almost nothing else to do. 

12.3.5 ISISlave device 

Multi-SoPEC systems will contain one or more ISISlave SoPECs. An ISISlave SoPEC is primarily used to 
generate dot data for the printhead IC it is driving. 

12.3.6 ISI-Bridge device 

SoPEC is targeted at the low-cost small office / home office (SoHo) market. It may also be used in future 
systems that target different market segments which are likely to have a high speed interface capability. A 
future device, known as an ISI-Bridge chip, is envisaged which will feature both a high speed interface 
(such as USB2.0, Ethernet or IEEE 1394) and one or more ISI interfaces. The use of multiple ISI buses 
would allow the construction of independent print systems within the one printer. The ISI-Bridge would be 
the ISIMaster for each of the ISI buses it interfaces to. 

12.3.7 Host device 

The host device will invariably be, but is not required to be. a PC. Any device that can act as a USB host or 
that can interface to an ISI-Bridge chip could be the host device. In particular, with the development of 
USB On-The-Go (USB OTG), it is possible that a number of USB OTG enabled products such as PDAs or 
digital cameras will be able to directly interface with a SoPEC printer. 



12.4 Types of communication 

12.4.1 Communications with host 

The host communicates directly with the ISIMaster in order to print pages. When the ISIMaster is 
SoPEC, the communications channel is US B L 1 . 



1Z4. 1, 1 Host to iSiMaster communication 

The host will need to communicate the following information to the ISIMaster device: 

• Conununications channel configuration and maintenance infonnation 

• AU data destined for PrintMaster, ISISlave or storage SoPEC devices. This data is simply relayed bv 
the ISIMaster 

• Mapping of virtua l communications channels, such as USB endpoints, to ISI destination 
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1Z4.1.2 iSIMaster to host communication 

The ISIMaster will need to commimicate the following information to the host: 

• Communications channel configuration and maintenance information 

• All data originating from the PrintMaster, ISISlave or storage SoPEC devices and destined for the host. 
This data is simply relayed by the ISIMaster 

1 2.4. 1. 3 Host to PrintMaster communication 

The host will need to communicate the following information to the PrintMaster device: 

• Program code for the PrintMaster 

• Compressed page data for the PrintMaster 

• Control messages to the PrintMaster 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatable messages to upgrade the printer's capabilities 

f 2.4. i.4 Printt^aster to host communication 

The PrintMaster will need to communicate the following information to the host: 

• Printer status information (i.e. authentication results, paper empty/jammed etc.) 

• Dead nozzle information 

• Memory buffer status infonnation 

• Power management status 

• Encrypted SoPECJd for use in the generation of PRINTER_QA keys during factory programming 

12.4.1.5 Host to iSiSiave communication 

All communication between the host and ISISlave SoPEC devices must take place via the ISIMaster. In 
the case of a SoPEC ISIMaster it is possible to configure each individual USB endpoint to act as a control 
chaimel to an ISISlave SoPEC if desired, although the endpoints will be more usually used to transport 
data. The host will need to communicate the following information to ISISlave devices over the comms/ 
ISI: 

• Program code for ISISlave SoPEC devices 

• Compressed page data for ISISlave SoPEC devices 

• Control messages to the ISISlave SoPEC (where a control channel is supported) 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatable messages to upgrade the printer^s capabilities 

12.4.1.6 iSiSiave to host communication 

All communication between Ae ISISlave SoPEC devices and the host must take place via the ISIMaster. 
The ISISlave will need to communicate the following infonnation to the host over the comms/ISl: 

• Responses to the host's control messages (where a control channel is supported) 

• Dead nozzle infonnation from the ISISlave SoPEC. 

• Encrypted SoPEC_id for use in the generation of PRINTER_QA keys during factory prograimning 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 106 




SoPEC : Hardware Design 



12.4.2 



Communication over iSI 



t2.4, 2* 1 tSfMaster to PrintMaster communication 



The ISIMaster and PrintMaster will often be the same physical device. When they are different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the host destined for the PrintMaster (see section 12.4.1.3). This data is simply relayed 
by the ISIMaster 



The ISIMaster and PrintMaster will often be the same physical device. When they are different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the PrintMaster destined for the host (see section 12.4.1.4). This data is simply relayed 
by the ISIMaster 



The ISIMaster may wish to communicate the following information to the IS I Slaves: 

• All data (including program code such as ISIId enumeration) originating from the host and destined for 
the ISISlave (see section 12.4.1.5). This data is simply relayed by the ISIMaster 

• wake up from sleep mode 



The ISISlave may wish to communicate the following information to the ISIMaster: 
• All data originating from the ISISlave and destined for the host (sec section 12.4.1.6). This data is sim- 
ply relayed by the ISIMaster 



When the PrintMaster is not the ISIMaster all ISI communication is done in response to ISI ping packets 
(see 12.6.4.5). When the PrintMaster is the ISIMaster then it will of course communicate directly with 
the ISISlaves. The PrintMaster SoPEC may wish to conmiunicate the following infonnation to the ISISla- 
ves: 

• Ink status e.g. requests for dotCount data i.e. the number of dots in each color fired by the printheads 
connected to the ISISlaves 

• configuration of GPIO ports e.g. for clutch control and lid open detect 

• power down command telling the ISISlave to enter sleep mode 

• ink cartridge fail information 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

In general the PrintMaster may need to be able to: 

• send messages to an ISISlave which will cause the ISISlave to return the contents of ISISlave registers 
to the PrintMaster or 

• to program ISISlave registers with values sent by the PrintMaster 

This should be under the control of software running on the CPU which writes messages to the ISI/SCB 
interface. 



iZ4.2.2 PrintMaster to ISIMaster communication 



12.4.2,3 ISIMaster to ISISlave communication 



12.4.2.4 ISISlave to ISIMaster communication 



1Z4.2.S PrintMaster to ISISlave communication 
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12.4.2,6 ISISIave to PrintMaster communication 

ISISlaves may need to communicate the following information to the PrintMaster: 

• ink status e.g. dotCount data i.e. the number of dots in each color fired by the printheads connected to 



the ISISlaves 

• band related infonnation e.g. finished band intemipts 

• page related information i.e.buffer underrun, page finished interrupts 

• MMU security violation intemipts 

« GPIO interrupts and status e.g. clutch control and lid open detect 

• printhead temperature 

• printhead dead nozzle information from SoPEC printhead nozzle tests 

• power management status 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

As the IS I is an insecure interface commands issued over the ISI should be of limited capability e.g. only 
limited register writes allowed. The software protocol needs to be constructed with this in mind In general 
ISISlaves may need to return register or status messages to the PrintMaster or ISIMaster. They may also 
need to indicate to the PrintMaster or ISIMaster that a particular interrupt has occurred on the ISISIave. 
This should be under the control of software running on the CPU which writes messages to the ISI block. 



It is currently not anticipated that there will be any direct communication between ISISIave SoPECs. How- 
ever they can communicate indirectly via the ISIMaster SoPEC. The most likely scenario for such a com- 
munication mechanism when the PrintMaster is not the ISIMaster (sec sections 12.4.2,5 and 12.4.2.6 for a 
description of the infonnation exchanged between a PrintMaster and an ISISIave). ISISIave to ISISIave 
communication would also be required when sending data stored in a storage SoPEC device to an 
ISISIave. 



The USBl . 1 interface for the printer should consist of the USB connector, the necessary discretes for USB 
signalling and the SoPEC device. A SoPEC printer will act as a self-powered, full-speed device and 
SoPEC itself will not draw any power from the USB cable. It will support control and bulk transfers. 
Interrupt transfers are not considered necessary because the required intemipt-type functionality can be 
achieved by sending query messages over the control chaimel on a scheduled basis. There is no require- 
ment to support either isochronous or low-speed transfers. The USB controller must support at least 5 
USB ehdpoints: a control endpoint (endpoint 0) and 4 bulk-data type endpoints. These 4 bulk-data type 
endpoints can be used for the transfer of any type of datai compressed page data, program data or control 
messages. They may also be mapped on to any target destination in a multi-SoPEC system i.e. configura- 
tion is completely programmable. They are envisaged as always being used as USB IN endpoints i.e. they 
will transport data from the host to SoPEC. Any feedback data (e.g. status information) will be returned to 
the host on the control channel (endpoint 0). 

The USB device enumeration process will be handled by the SoPEC CPU and USB controller Note that 
this requires the on-chip ROM to contain all the required USB driver code. This is not expected to be the 
full USB driver but rather a '*USB-lite" driver that has sufficient functionality to download a program to 



Details of the configuration registers and interface signals will be provided when the implementation IP 
for the USB controller core has been selected. There are several potential candidates for the USBI . 1 con- 



i 2.4.2.7 ISISIave to ISISIave communication 



12-5 



USB 



DRAM. 
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troUer that are being evaluated in terms of cost, maturity, licensing requirements/restrictions, quality of 
deliverables etc. - as already mentioned the choice of silicon vendor is likely to play a large part in select- 
ing the USB controller. 

12.5.1 ISIMaster/ISISIave Identification 

While the USB controller is used for data transfer if a SoPEC is an ISIMaster it may, in certain cases, also 
be used to transfer data to an ISISlave. If the USB is not used for data transfer the device will certainly be 
an ISISlave. In this case the USB pins could be used to identify the device as an ISISlave as the USB 
device controller is expected to allow the single-ended quiescent state of the USB pins to be read by the 
CPU either directly or indirectly (as there should be a register indicating whether the USB controller is 
operating as a fuU-specd or low-speed device). We adopt the convention that an ISIMaster SoPEC has its 
USB pins configured for fiill-speed operation (i.e. a pull-up resistor on EH) and an ISISlave SoPEC has its 
USB pins configured for low-speed operation (i.e. a pull-up resistor on D-). This allows the ROM boot- 
code to quickly determine whether the SoPEC is an ISIMaster or ISISlave without needing to wait for 
USB activity. While the ISISlave SoPEC's USB controller believes it is a low-speed device it is never used 
and may be disabled completely (if possible) once the device has been identified as an ISISlave. Note that 
other combinations on the D+ and D- lines may result in unreliable operation of the USB controller. 

The SoPECs identity as an ISIMaster or ISISlave may also be determined from USB or ISI activity. If 
activity is seen on USB endpoints 2-4 then the device is an ISIMaster (note that it is not neccessarily an 
ISIMaster if activity is only seen on endpoints 0 or 1) and the ISI may automatically configure itself as an 
ISIMaster in this situation. If the ISI receives ping packets then it is an ISISlave as only the ISIMaster can 
send ping packets. 

The most suitable ISIMaster/ISISIave identification scheme (i.e. use of USB pins or looking for USB/ISI 
activity) can be chosen by the software for any given printer. 

12.5^ Wake-up from sleep mode 

The SoPEC will be placed in sleep mode after a suspend command is received by the USB controller. The 
extent of power-down in sleep mode is currently TED (different silicon vendors offer different options) 
but it is expected to involve the loss of DRAM contents at a minimum. The USB controller (or portions of 
it) will continue to be powered and clocked in sleep mode. It is likely that a USB reset, as opposed to a 
device resume, will be required to bring SoPEC out of its sleep state as the sleep state is hoped to be logi- 
cally equivalent to the power down state. The exact reawakening mechanism will be finalised when the 
sleep state is more precisely defined and the particular implementation of the USB controller is chosen. 

The USB reset signal originating from the USB controller will be propagated to the CPR (as 
usb_cpr_reset^n) if die USBWakeupEnable bit of the Wakeup Enable register (see Table 38) has been set. 
The USBWakeupEnable bit should therefore be set just prior to entering sleep mode. 

There arc no conditions that require the SoPEC to initiate a USB device wake-up (i.e. where SoPEC sig- 
nals resimie to the host after being suspended by the host). 

12.5.3 USB Speed 

The USB speed will be determined by amount of activity from other devices that share the USB bus with 
the printer and the responsiveness of the host in handling USB interrupts. To guarantee bandwidth to the 
printer it is reconunended that no other devices are active on the USB bus between the printer and the host. 
If the printer is connected to a USB2.0 host or hub it may limit the bandwidth available to other devices 
connected to the same hub but it would not significantly affect the bandwidth available to other devices 
upstream of the hub. Used in the recommended configuradon it is expected that an effective bandwidth of 
8-9 Mbit/s will be achieved. 
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ISi (Inter SoPEC Interface) 

The ISI is utilised in all system configurations requiring more than one SoPEC. An example of such a sys- 
tem which requires four SoPECs for duplex A3 printing and an additional SoPEC used as a storage device 
is shown in Figure 27. 

The ISI perfonns much the same function between an ISISlave SoPEC and the ISIMaster as the USB con- 
nection performs between the ISIMaster and the host. This includes the transfer of all program data, com- 
pressed page data and message (i.e. conunands or status infonnation) passing between the ISIMaster and 
the ISISlave SoPECs. Existing requirements indicate that it is sufficient for the ISIMaster to initiate all 
communication with the ISISlaves. 

12.6.1 ISIMaster/lSISIave Identification and ISISrave enumeration 

Section 12.5.1 details how a SoPEC is configured as an ISIMaster or ISISlave. The ISlId is established by 
software downloaded over the ISI (in broadcast mode) which looks at the input levels on a number of 
GPIO pins to determine the ISIId. For any given printer that uses a muld-SoPEC configuration it is 
expected that there will always be enough free GPIO pins on the ISISlaves to support this enumeration 
mechanism. 

12.6.2 Wake-up from sleep mode 

Either the PrintMaster SoPEC or the host may place any of the ISISlave SoPECs in sleep mode prior to 
going into sleep mode itself. The ISISlave device should then ensure that its ISI Wakeup Enable bit of the 
WakeupEnable register (see Table 38) is set prior to entering sleep mode. In an ISISlave device the ISI 
block will continue to receive power and clock during sleep mode so that it may monitor the gpiojisijiin 
I lines for activity. When ISI acrivity is detected during sleep mode and the ISIWdkeupEnable bit is set the 

ISI asserts the isi_cpr_reset_n signal. This will bring the rest of the chip out of sleep mode by means of a 
wakeup reset. See chapter 16 for more details of reset propagation. 

12.6.3 ISI speed 

The ISI will need to run at speed that will allow error free transmission on the PCB while minimising the 
buffering and hardware requirements on SoPEC. While an ISI speed of 10 Mbit/s is adequate to match the 
effective USBl.l bandwidth it would limit the system performance when a high-speed connection (e.g. 
USB2.0, IEEE 13 94) is used to attach the printer to the PC. Although they would require the use of an extra 
ISI-Bridge chip such systems are envisaged for more expensive printers (compared to the low-cost basic 
SoPEC powered printers that are initially being targeted) in the future. 

An ISI line speed (i.e. the speed of each individual ISI wire) of 32 Mbit/s is therefore proposed as it will 
allow ISI data to be oversampled 5 times (at a pclk frequency of 160MHz), The total bandwidth of the ISI 
will depend on the number of pins used to implement the interface. The current expectation is that two 
piris will be used, giving a peak raw bandwidth of 64 Mbit/s, and this is the scenario that is used in this 
document. However the ISI protocol will work equally well if four pins are used for transmission/recep- 
tion and this would give a peak raw bandwidth of 128 Mbit/s. The number of pins available for the ISI is 
currently under investigation as part of the package selection process. With either a two or four pin ISI 
solution a 32 Mbit/s line speed would allow the movement of data in to and out of a storage SoPEC (as 
described in 12.3.4 above), which is the most bandwidth hungry ISI use, in a timely fashion. 

The maximum effective bandwidth of a two wire ISI, after allowing for protocol overheads and bus turn- 
around times, is expected to be approx. 50 Mbit/s. 



12.6 



I 
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12.6.4 ISI protocol 

The ISI is a serial interface utilizing a two wire half-duplex configuration as shown in Figure 28 below. An 
ISIMaster must always be present and up to 14 ISISlaves may also be on the ISI bus. The ISI bus enables 
broadcasting of data, ISIMaster to ISISlave communication, ISISlave to ISIMaster communication and 
ISISiave to ISISlave communication. Flow control, error detection and retransmission of errored packets is 
also supported. ISI transmission is asynchronous and a Start field is present in every transmitted packet to 
ensure synchronization for the duration of the packet. Bit-stuffing is required as it is expected that synchro- 
nization caimot be guaranteed for the length of the longest allowed packet^ Open Issue: This should be 
confirmed with the spec of the crystal used with SoPEC. We may wish to constrain the spec of xtalin and 
also xtalin for the ISI-Bridge chip to ensure the ISI cannot drift out of sync during packet reception. 



ISIMaster 

SoPEC 

(ISIIdO) 

DO 
D1 


[ 


r 


L 


ISiSiave 
SoPEC #1 
(ISIIdl) 

DO 
D1 
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(ISIId2) 

DO 
D1 






ISISiave 
SoPEC #3 
(ISIId3) 

DO 
D1 









Figure 28. ISI configuration with four SoPEC devices 

To maximize the effective ISI bandwidth while minimising pin requirements a two wire half-duplex inter- 
leaved transmission scheme is used. Figure 29 below shows how a 16-bit word is transmitted from an ISI- 
Master to an ISISiave. Data is interleaved on a bit-by-bit basis over the two ISI lines and this requires all 
ISI packets to be an even number of bits in length. This interleaving could easily be extended to four pins 
if required. 

All ISI transactions are initiated by the ISIMaster and every non-broadcast data packet needs to be 
acknowledged by the addressed recipient. An ISISiave may only transmit when it receives a ping packet 
(see section 12.6.4.5) addressed to it. To avoid bus contention all ISI devices must wait one bit-time (5 pclk 
cycles) after detecting the end of a packet before transmitting a packet (assuming they are required to 
transmit). All non-transmitting ISI devices must tristate their Tx drivers to avoid line contention. A pull-up 
resistor is therefore required on both ISI lines to reduce the possibility of false data detection. The ISI pro- 
tocol is defined to avoid devices driving out of order (e.g. when an ISISiave is no longer being addressed). 
As the ISI will use standard I/O pads there will be no physical collision detection mechanism. 



1 . Current max packet size 290 bits = 145 bits per line (on a 2 wire ISI) = 725 160N1H2 cycles. Thus the pclk% in the two communicat- 
ing ISI devices should not drift by more than one cycle in 725 i.e. 1 379 ppm. Careful analysis of the crystal, PLL and oscillator specs 
and the sync detection circuit is needed here to ensure our solution is robust 
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Figure 29. Half-duplex interleaved transmission from ISIiVlaster to fSISIave 

There are three types of ISI packet: a long pactet (used for data transmission), a ping packet (used by the 
ISIMaster to prompt ISISlaves for packets) and a short packet (used to acknowledge receipt of a packet). 
All ISI packets are delineated by a Start and Stop fields and transmission is atomic i.e. an ISI packet may 
not be split or halted once transmission has started. 

i 2. 6,4. 1 iSi transactions 

The different types of ISI transactions are outlined in Figure 30 below. As described later all NAKs arc 
inferred and ACKs are not addressed to any particular ISI device. 



ISIMaster 



ISISIave A 



ISISIave B 



Transaction 1: Long packet to an addressed ISISIave 



ISIMaster 



ISISIave A 



ISISIave B 



Transaction 2: Ping packet to an addressed ISISIave. ISISIave has nothing to send 
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ISIMaster 



ISJSIave A 



(SISIave B 



Tfransactioii 3: Pjng packet to an addressed ISISIave. ISISiaveA responds with a long packet to 
ISISIaveB and ISISlaveB responds with an ACK or NAK. p»«:k« to 



ISIMaster 



ISISIave A 





E!Qg^_^^^ 











ISISIaveB 



J^Ui^''^ ^'lI^J'^Jo^^^'* addressed ISISIave, ISISiaveA responds with a long packet to 
the ISIMaster and the ISIMaster responds vrtth an ACK or NAK. '^^^ ^" 

Figure 30. ISI transactions 

12.6.4,2 Start field description and bit stuffing 

The Start field serves two purposes: To allow the start of a packet be unambiguously identified and to 
^low the receiving device synchronise to the data stream. The symbol, or data value, used to identify a 
Start field must not legitimately occur in the ensuing packet Bit stuffing is used to guarantee that the Start 
symbol will be unique in any valid (i.e. error free) packet. The Start symbol should therefore be suffi- 
cientiy long to ensure that die bit stuffing overhead is low but should still be short enough to reduce its own 
contnbution to the packet overhead. A Start bit length of 8 bits is therefore used as it is an effective com- 
promise between these two constraints. The Start field, hke every byte in a packet, is transmitted with its 
nghtmost (Isb) bit first 

if the correct symbol value is used bit stuffing offers the further advantage of forcing transitions on the ISl 
lines which will allow synchronization be maintained. Unfortunately a symbol value that is good for forc- 
mg transitions (e.g. 0x00) is not good for guaranteeing initial synchronization and vice versa i.e. a symbol 
such as OxAA would ensure initial synchronization but cannot prevent synchronization being lost if a long 
run of zeroes or ones is subsequently transmitted 

To resolve this conflict the Start symbol will be OxAA and three different types of bit stuffing are used 
Whenever OxAA is encountered in the data stream a 0 is inserted before the msb resulting in the 9-bit 
value 0xl2A (i.e. blOlOlOlO -> blOOlOlOlO). To ensure transitions occur during a long run of zeroes a 1 
is inserted after 7 zeroes thus 0x00 becomes 0x080 (i.e. bOOOOOOOO -> bO 10000000). Likewise to ensure 
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transitions will occur during a run of ones a 0 is inserted after 7 ones and so OxFF becomes 0x1 7F (i e 
bl 1 1 11 1 1 1 .> blOI 1 1 1 1 1 1). The receiving ISI device must detect these special values and strip out the 
inserted ones and zeroes. 

Note that any violation of bit stuffing will result in the FrameError status bit being set and the incoming 
packet will be treated as an errored packet. Furthermore if the Start field is not received as OxAA the 
FrameError status bit is set and incoming data is discarded until a correct Start field is detected 
In a truly random data such a bit stuffing scheme could cause an overhead of approx. 0.15% While the 
data transmitted over the ISI will not be truly random (0x00 and OxFF arc likely to occur more often than 
they would in a random data set) the overhead should remain low and will never exceed 1 1 1% 0 e 1 in 
every 9 bits). 



1 2. 6.4.3 Stop fieid description 

A 2-bit Stop field (= bll ) is used to ensure that both lines retum to the high state before the next packet is 
transmitted. Two bits arc required because die Stop field will be interleaved over both ISI lines (4 bits 
would be used in a 4 wire ISQ. The Stop field is not subject to bit stuffing because bit stuffing could result 
in the final transmitted bit being a 0 on one of the ISI lines. 

12. 6.4.4 ISI long packet description 

The format of a long ISI packet is shown in Figure 31 below. Data may only be transfeired between ISI 
devices usmg a long packet as both die short and ping packets have no payload field. Except in the case of 
a broadcast packet, the receiving ISI device will always reply to a long packet widi either an explicit ACK 
(no error detected m received packet) or an inferred NAK (an error was detected in the received packet) 



b2 bp b4 ^'^^ ^ b^ bO 



See 

table 

below 


I 


ISIId 


(SlSubtd 








Address 


Payload CRC Stop 



8 bits 3 bits 5 bits 256 bits 16 bits 2 bits 

Figure 31. fSI long packet 
long packets begin with the Start field as described earlier. The PktDesc field is described in Table 29. 



Table 29. PktDesc field description 











0 


Packet type indicator: 
1 - Short packet 

0 - Non-short (i.e. lono/ping) packet 
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Table 29. PMOesc fteld description 



Data paytoad present indicator 
1 - This packet contains payload (I.e. long packet) 
0 - This packet has no paytoad 



Sequence bft value. Only valid for fong packets. See section 12.6.4,8 for a 
descriptfon of sequence bit operation 



Any ISI device in the system may transmit a long packet but only the ISIMastcr may initiate an ISI trans- 
action usmg a long, packet. An ISISlave may only send a long packet in reply to a ping message from the 
ISIMaster. A long packet from an ISISlave may be addressed to any ISI device in the system although the 
ISIMastcr (or the PrintMaster if it is a different device) will be the usual recipient. 

The Address field is straightforward and complies with the ISI naming convention described in section 

The payload field is exactly what is in the transmit buffer of the transmitting ISI device and gets copied 
mto the receive buffer of the addressed ISI device(s). When present the payload field is always 256 bits. 
To ensure strong error detection a 16-bit CRC is appended. This CRC is calculated over the entire packet 
(excludmg the Start and Stop fields). The HDLC standard CRC-16 (i.e. C(x) «= x'^ + +/) is to be 
used for this calculation, which is to be performed serially. 

1Z6.4.5 iSi ping packet 

The ISI ping packet is used to allow ISISlaves transmit on the ISI bus. As can be seen from Figure 32 
below the ping packet is cab be viewed as a special case of the long packet. In other words it is a long 
packet without any payload, whose PktDesc field is always bOOO and whose ISISubId is always 1 The 
ISISubId IS unused in ping packets because the ISIMaster is addressing the ISI device rather than one of 
""^"^^^^ ISISlave may address any ISIId.ISISubId in response if it wishes 

The ISISlave will respond to a ping packet with either an explicit ACK (if it has nothing to send) an 
mfeired NAK (if it detected an error in the ping packet) or a long packet (containing the data it wished to 
send). Note that mfetred NAKs do not result in the retransmission of a ping packet This is because the 
ping packet wiU be retransmitted on a predetermined schedule (see 12.6.4.10 for more details) 



b2 



_bp b4 4 bits Ibit ^. 



bOOO 



ISIId 



Start 


Pkt 
Desc 


Address 


CRC 


Stop 



L 



J I 



8 bits 3 bits 5 bits 16 bits 2 bits 



Figure 32. ISI pfng packet 

An ISISlave should never respond to a ping message to the broadcast ISIId as this must have been sent in 
S'^te^" ^'"^ ^^""^^^ "^'^ ''^''^'^ ^""^ response to any packet and may only originate from an ISI- 
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12.6.4.6 ISl short packet description 



J3 



The ISI short packe is only 14 bits long, including the Start and Stop fields. A value of blOOI is proposed 
for the ACK symbol As a 1 6-bit CRC is inappropriate for such a short packet it is not used. In fact there is 
only one valid value for a 1 4-bit short ACK packet as the Start. ACK and Stop symbols all have fixed ^! 
ucs^Short packets are only used for acknowledgements (i.e explicit ACKs). The format of a short ISI 
packet IS shown m Figure 33 below. 



Start 


Ack 
Symbol 


Stop 


1 1 1 1 



8 bits 4 bits 2 bits 



Figure 33. Short ISI packet 

12.6.4.7 Error detection and retrartsmlsslon 

The 16-bit CRC will provide a high degree of error detection and the probability of transmission errors 
occumng ,s veiy low as the transmission chamiel (i.e. PCB traces) will have a low inherent bit error rate 

2 'c^W c"!! i*"?" ^ ^ ''""P'^ retransmission mechanism frees 

aie CPU from getting mvolved in error recovery for most errors because the probability of a transmission 
error occumng more than once in succession is very, very low in normal circumstances. 
After each non-short ISI packet is transmitted the transmitting device will open a reply window. The size 
of the reply mndow will be 9 bit times (i.e. 14 bits transmitted on two wires plus 2 bit times to allow for 
bus turnarounds and tmung differences) when a short packet is expected and 147 bit times (i.e. 290 bits 

When a Packet has been received without any errors the receiving ISI device must transmit its acknowl- 
edge packet (which may be either a long or short packet) before the reply window closes. When detected 
ZtZf^T^ receiving ISI device wUl not send any response. The transmitting ISI device inten^rets 
this lack of response as a NAK indicating that errors were detected in the transmitted packet or that the 
^eivmg device was unable to receive the packet for some reason. If a long packet was transmitted the 
tonsmitting ISI device will keep die transmitted packet in its transmit buffer for retransmission. If the 
teansmittmg device is the ISIMaster it will retransmit the packet immediately while if the transmitting 
device IS an ISISlave it will retransmit the packet in response to the next ping it receives from the ISIMa^ 

The transmitting ISI device wiU continue retransmitting the packet when it receives a NAK umil it either 
receives an ACK or the number of retransmission attempts equals the value of the NumRetries register. If 
tte transmission was unsuccessful then the transmitting device sets the TxErrvr bit in its IS/Status register 
The raxjivmg device also sets the RxErmr bit in its ISlStatus register whenever it detects NumRetries + 1 
T^^^ " succession. The NumRetries registers in all ISI devices should therefore be set to the 
same value for consistent operation. Note that successful transmission or reception of ping packets do not 
ZSi'^^rT''^''^"^'''^ Open issue: In the case of an ISI device receiving a packet in error from 
T2f.:\ w ^ '^"'"^^f « ^'l' ^ ««t if it subsequently receives an error free packet from any ISI 
ZZt^^ r'XI'^.^'' ^^^^'^"'^ transmitted the errored packet). Thus the RjcError operation is 
bf seou!S!rr ^^\}^^^'^' '° 'SISlave transactions as these are the only ones where retransmissions will 
n m! ^ ^."^^ ^"'^ °' '^"^^ implement a NumRetriesCount window which would 

a^low all NAKs withm a specified window to be counted. If NumRetries is exceeded within this window 
men we have a RxError otherwise we can reset the count. 
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Note that either a transmit or receive error will cause the ISI to stop transitiitting or receiving respectively. 
CPU intervention will be required to resolve the source of the problem and to restart the ISI transmit or 
receive operation. Transmit or receive errots should be extremely rare and their occurrence will most 
likely indicate a serious problem. 

Note that broadcast packets are never acknowledged to avoid contention on the common ISI lines. If an 
ISISUve detects an error m a broadcast packet it must use the message passing mechanism described ear- 
her to alert the ISIMaster to the error. 

1Z6.4.8 Sequence bit operation 

To ensure that communication between transmitting and receiving ISI devices is correctly ordered a 
sequence bit is included in every long packet to keep both devices in step with each other. Sequence bits 
are not used for short or ping packets as they are not used for data transmission. In addition to the transmit- 
ted sequence bit all ISI devices keep two local sequence bits, one for each ISISubld. Furthermore each ISI 
device maintams a transmit sequence bit for each ISIId and ISISubld it is in communication with. For 
packets sourccd from the host (via USB) the transmit sequence bit is contained in the relevant USBEPnD- 
est register while for packets sourced from the CPU the transmit sequence bit is contained in the 
CPUlSITxBuffCntrl register. The sequence bits for received packete are stored in DMAOSeqBit and 
DMAISeqBit registers. All ISI devices will initialise their sequence bits to 0 after reset. It is the responsi- 
bihty Of software to ensure that the sequence bits of the transmitting and receiving ISI devices are cor- 
rectly miualised each time a new souree is selected for any ISIId.ISISubId channel. 
Sequence bits are not used in all broadcast and ping packets. Each SoPEC may also ignore the sequence 
bit on either of its ISISubld channels by setting the appropriate bit in the SequenceMask register. The 
sequence bit should be ignored for ISISubld channels that will carry data that can originate from more 
than one source and is self ordering e.g. control messages. 

A receiving ISI device will toggle its sequence bit addressed by the ISISubld only when the receiver is 
able to accept data and receives an enor-free data packet addressed to it. The transmitting ISI device will 
toggle Its sequence bit for that ISIId.ISISubId channel only when it receives a valid ACK handshake from 
the addressed ISI device. 

Figure 34 shows the transmission of two long packets with the sequence bit in both the transmitting and 
receiving devices toggling from 0 to 1 and back to 0 again. The toggling operation will continue in diis 
manner in every subsequent transmission until an error condition is encountered. 
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Figure 34. Successful transmission of two long packets with sequence bit toggling 
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When the receiving ISI device detects an error in the transmitted long packet or is unable to accept the 
packet (because of full buffers for example) it will not return any packet and it will not toggle its local 
sequence bit An example of this is depicted in Figure 35. The absence of any response prompts the trans- 
nutting device to retransmit the original {seq=K)) packet. This time the packet is received without any errors 
(or buffer space may have been freed) so the receiving ISI device toggles its local sequence bit and 
responds with an ACK. The transmitting device then toggles its local sequence bit to a 1 upon correct 
receipt of the ACK. 

Transmitting 
ISI Device 






Receiving 
JSI Device 








0 








0->1 




1 



Figure 35. Sequence bit operation with errored long packet 

However it is also possible for the ACK packet from the receiving ISI device to be corrupted and this sce- 
nario is shovra in Figure 36. In this case the receiving device toggles its local sequence bit to 1 when then 
long packet is received without error and replies with an ACK to the transmitting device. The transmitting 
device detects an error in the ACK packet and so will not change its local sequence bit. It then retransmits 
the seq=0 long packet. When the receiving device finds that there is a mismatch between the transmitted 
sequence bit and the expected (local) sequence bit is discards the long packet and replies with an ACK. 
When the transmitting ISI device correctly receives the ACK it updates its local sequence bit to a 1, thus 
restoring synchronization. Note that when the SequenceMask bit for the addressed ISISubId is set then the 
retransmitted packet is not discarded and so a duplicate packet will be received. The data contained in the 
packet should be self-ordering and so the software handling these packets (most likely control messages) 
is expected to deal with this eventuality. 
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Figure 36. Sequence bit operation with ACK error 
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1Z6.4,9 Flow control 



The ISI also supports flow control by treating it in exactly the same manner as an error in the received 
packet Because the SCB enjoys greater guaranteed bandwidth to DRAM than both the ISI and USB can 
supply flow control should not be required during normal operation. Any blockage on a DMA channel will 
soon result in the NumRetries value being exceeded and transmission to that DMA channel being halted. 
Because flow control is treated in the same manner as an error in the received packet neither the transmit- 
ting nor the receiving ISI device will be able to differentiate the cause of a TxEmr or RxError. 



1Z6,4,10AutO'plng operation 



While the CPU of the ISIMaster could send a ping packet by writing the appropriate header to the 
CPUISITxBuffCntrl register it is expected that all ping packets will be generated in the ISI itself The use 
of automatically generated ping packets ensures that ISISlaves will be given access to the ISI bus with a 
programmable minimum guaranteed frequency in addition to whenever it is idle. Five registers facilitate 
the automatic generation of ping messages within the ISI: PingScheduleO, PingSchedulel. PingSchedule2, 
ISITotalPeriod and ISILocalPeriod. Auto-pinging can be enabled or disabled by writing to the AutoPin- 
gEnable bit of the ISICntrl register. 

Each bit of the 14-bit PingScheduleN register corresponds to an ISIId that is used in the Address field of 
the pmg packet and a 1 in the bit position indicates that a ping packet is to be generated for that ISnd A 0 
m any bit position will ensure that no ping packet is generated for that ISIId As ISISlaves may differ in 
their bandwidth requirement (particularly if a storage SoPEC is present) three different PingSchedule reg- 
isters are used to allow an ISISlave receive up to three times the number of pings as another active 
ISISlave. When the ISIMaster is not sending long packets (sourced from either the CPU or USB in the 
case of a SoPEC ISIMaster) ISI ping packets will be transmitted according to the pattern given by the direc 
PingScheduleN registers. The ISI will start with the Isb of PingScheduleO register and work its way from 
Isb through msb of each of the PingScheduleN rc0sttTS. When the msb of PingSchedule2 is reached the 
ISI returns to the Isb of PingScheduleO and continues to cycle through each bit position of each />i/ii?- 
ScheduleNre^stCT, * 

With the addition of auto-ping operation we now have three potential sources of packets in an ISIMaster 
SoPEC: USB, CPU and auto-ping. Arbitration between the CPU and USB for access to the ISI is handled 
outside the ISI (see section 12.7.7) but arbitration between auto-ping packets and CPU/USB originating 
packets, which we will refer to as local packets, happens within the ISI. To ensure that local packets get 
pnonty whenever possible and that ping packets can have some guaranteed access to the ISI we use two 4- 
bit counters whose reload value is contained in the ISHbtalPeriod and ISILocalPeriod registers. As we will 
see m 12.6.4.1 eveiy ISI transaction is initiated by the ISIMaster transmitting either a long packet or a ping 
packet. The ISITotalPeriod counter is decremented for every ISI transaction when contention occurs (i.e. 
both a pmg and a local packet wish to transmit) while the ISILocalPeriod counter is decremented for every 
local packet that is transmitted Neither counter is decremented by a retransmitted packet. 

The amount of guaranteed ISI bandwidth allocated to both local and ping packets is determined by the val- 
lies of the ISITotalPeriod and ISILocalPeriod registers. Local packets will always be given priority when 
the ISILocalPeriod counter is non-zero. Ping packets will be given priority when the ISILocalPeriod 
counter is zero and the ISITotalPeriod counter is still non-zero. Both the ISITotalPeriod and ISILocalPe^ 
no^/ counters are reloaded by the next local packet transmit request af^er the ISTTotalPenod counter has 
reached zero. This reload policy minimises the maximum latency for ping packets at the expense of maxi- 
mum latency for local packets. 

Note that ping packets are quite likely to get more than their guaranteed bandwidth as they will be trans- 
mitted whenever the ISI bus is idle (i.e. no pending local packets) and so do not decrement either counter 
Local packets on the other hand will never get more than their guaranteed bandwidth because each local 
packet transmitted decrements both counters. The difference between the values of the ISITotalPeriod zxi^ 
ISILocalPeriod registers determines the number of automatically generated ping packets that are guaran- 
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teed to be transmitted every ISITotalPeriod number of ISI transactions. If the ISITotalPeriod and ISILo- 
calPeriod values are the same then the local packets will always get priority and could totally exclude pine 
packets if the CPU always has packets to s«id. 

For example if ISITotalPeriod = OxC; ISILocalPeriod = 0x8; PingScheduleO = 0x07; PingSchedulel = 
0x06 and PingSchedule2 = 0x04 then four ping messages are guaranteed to be sent in every 12 ISI transac- 
tions. Furthermore ISIIdS will receive 3 times the number of ping packets as ISIdl and ISrid2 will receive 
twice as many as ISIdl. Thus over a period of 36 contended ISI transactions (allowing for two full rota- 
tions through the three PingScheduleN registers) when local packets are always pending 24 local packets 
will be sent, ISIdl will receive 2 ping packets. ISJd2 will receive 4 pings and ISId3 will receive 6 ping 
packets. If local traffic is less frequent then the ping frequency w\\ automatically adjust upwards to con- 
sume all idle ISI bandwidth. 



12.6.4.11 US! Registers 

Table 30 below details the ISI configuration registers. Note that some of these registers are also used 
I other blocks in the SCB. 



Table 30. ISI configuration registers 







\B9} 


Mlf»il 


0x00 


JSrCntrl 


5 


0x2 


IS! Control register 


0xO4 


ISIId 


4 


0x1 


ISUd for this SoPEC. A value of 0 indicates the 
device is an ISIMasten Note that the SoPEC resets 
to being an ISISIave and that OxF (the broadcast 
ISlId) is an illegal value and should not be written to 
this register. 


0x08 


NumRetrtes 


4 


0x02 


Number of retransmissions to attempt In response to 
a NAK before aborting a long packet transmission 


OxOC 


ISIPingScheduleO 


14 


0x0000 


Denotes which ISI Ids will t>e receive ping packets. 
Note that bitO refers to ISIIdl. Wtl to ISIId2...bit13 to 
IS[td14. 


0x10 


ISIPtngSchedulel 


14 


0x0000 


As per PingScheduleO 


0x14 


ISIPingSchedule2 


14 


0x0000 


As per PingScheduieO 


oxia 


ISITotalPeriod 


4 


OxF 


Reload value of the ISITotalPeriod counter 


0x1 C 


ISILocalPeriod 


4 


OxF 


Reload value of the rSlLocatPeriod counter 


0x20 


ISIStatus 


6 


0x00 


ISI Status register. This register Is Readonly. 


0x24 


ISlMask 


6 


0x00 


ISI Interrupt Mask register 


0x30 - 0x4C 


CPUISITxBuff 


32 


n/a 


32-byte CPUISI transmit buffer 


0x50 


CPUISITxBuffCntrl 


13 


0x0000 


Control register for the CPUISI transmit buffer 


0x60 - 0x7C 


CPUISIRxSuff 


32 


n/a 


32-byte ISI receive buffer. This is the half of the dou- 
ble buffer that contains the oldest data. 


0x80 


iSlRxBuffOest 


1 


0x0 


Only one of the CPU and the DMA manager is 
allowed to empty the receive buffer at any time, 
t = CPU will empty the receive buffer 
0 = DMA manager will empty the receive buffer 



12.6.4.11.1 ISI control register 

The ISICntrl register is described in Tabic 31 below. Note that the reset value of this register allows the 
SoPEC to automatically become an ISIMastcr {AutoMasterEnable « 1) if any USB packets are received on 
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endpoints 2-4. On becoming an ISIMaster the ISUd register is set to 0. the TxEnable bit of the ISfCntrl reg- 
ister IS set and any USB or CPU packets destined for other ISI devices are transmitted. The CPU can over- 
nde this capability at any time by clearing the AutoMasterEnable bit. Automatic ping operation can only 
be enabled by the CPU as the reset values of the PingScheduleN Kg^sters m all aand neither PMA chan- 
nel is automatically configured. 



Table 31. ISfCntrl register 



TxEnable 










0 


Enables IS! transmissfon of long or ping packets. This is cleared by 
transmit errors and so needs to be restarted by the CPU. Note that 
ACKs may stf ri be transmitted when this bit is 0. 
1 B Transmission enabled 
0 B Transmission disabled 


RxEnable 


1 


Enables ISI reception. This is cleared by receive errors and so 
needs to be restarted by the CPU. 
1 a Reception enabled 
0 - Reception disabled 


AutoPingEnabId 


2 


EnatHes auto-ping operation 

1 = auto-ping enabled 
0 - auto-ping disabled 


AutoMasterEnable 


3 


Enabfes the device to automaticalV become the ISIMaster if activ- 
ity is detected on USB endpoints2-4. 
1 s auto-rmaster operation enabled 
0 s auto-master operation disabled 



12.6.4.11.2 ISI status register 

The ISIStatus register is read-only to the CPU. Status bits are set by the relevant condition occurring and 
are cleared by writing to either the TxEnable or RxEnable bits of the ISICntrl register or the CPUISITx- 



Table 32. ISIStatus register 









FrameError 


0 


Framing error detected in the received packet. This can be caused 
by an incorrect Start or Stop field or by bit stuffing errors 


RxError 


1 


A CRC error or flow controJ condition was detected in NumRe- 
ir*BS+1 successive packets (excluding ping packets) 


RxBuffFuH 


2 


There is no space remaining in the receive double buffer 


RxBuffOverflow 


3 


An overfiow has occurred In the ISI receive buffer and a packet had 
to be dropped. 


CPUlSrrxBuffEmpty 


4 


The CPUlStTxBuff Is empty 


TxError 


5 


Transmission error. Receh/Ing ISI device would not accept the 
transmitted packet Only set after NumRetries unsuccessful 
retransmissions (excluding ping packets). 
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12.6A11.3 ISI mask register 

An mtemipt will be generated in an edge sensitive manner i.e the ISI will generate an isijcu^irq pulse 
each time a status bit goes high and the corresponding bit of the ISIMask register is enabled. 



Table 33. ISIMask register 









FrameErrorlntEn 


0 


Interrupt enabte mask bit for the FrameError status bit 


RxErrortntEn 


1 


Interrupt enable mask bit for the RxError status bit 


RxBuffFunintEn 


2 


interrupt enable mask bit for the RxBuffFufi status bit 


RxBuffOverftowlntEn 


3 


Interrupt enable mask bn for the RxBuffOverflow status bit 


CPUlsrTxBuffEmply- 
IntEn 


4 


interrupt enable mask bit for the CPUISITxBuffEmpty status bit 


TxEiTOrintEn 


5 


interrupt enabie mask bit for the TxEnor status bit 



12.6.4.11.4 CPUISlTxBuffCntri register 

The CPUISlTxBuffCntri register contains the header field for the packet in the CPUISI transmit buffer. 
Writing to this buffer validates the contents of the CPUISI transmit buffer i.e. each time the CPU places a 
packet in the CPUISI transmit buffer it must write the packet header to this register to initiate its transfer in 
to the SCB transmit buffer (sec section 12.7). Note that the CPU is responsible for toggling the sequence 
bit of any long packets it wishes to transmit. The CPUISITxBuffEmpty status bit will be set when CPUTx- 
PktSize bytes have been transferred to the SCB transmit buffer. 



Table 34. CPUISrrxBuffCntrl register 









PktDesc 


2:0 


PktDesc field (as per Table 29) tor the packet currenUy In the CPU- 
IS! transmit buffer. 


(>estlSlSubld 


3 


IruJicates whteh DMAChannel of the target SoPEC the data in the 
CPUISI transmit buffer is destined for: 

0 s OMAChannelO 

1 « DMAChannell 


DestlSlld 


7:4 


Denotes the ISIId of the target SoPEC as per Table 35 



12.7 SCB Mapping 

In order to support maximum flexibility when moving data through a multi-SoPEC system it is possible to 
map any USB endpoint onto either DMAChannel within any SoPEC in the system. A logical view of the 
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SCB is shown in Figure 37. This view differs from the likely implementation but it allows for a clearer 
depiction of data movement within the SCB. 



SCB 



CPUISJ 
TxBufffer 



USB 
Host 



USB 

ControFJer 



SCB 

Control 

Block 



CPU Subsystem Bus 



SCB 
TxBuffer 



SCB 
Map 



DMA 
Manager 



ChannelQ 



Rx 



tSI 



CPU 



DIU 



isi din 



-► isLdout 



Figure 37. SCB logical view 

The SCB map, and indeed the SCB itself is based around the concept of an ISUd and an ISISubId Each 
SoPEC in the system has a unique ISIId and two ISISublds, namely ISISubldO and ISISubId 1. We use the 
convention that ISISubldO corresponds to DMAChannelO in each SoPEC and ISISubldl corresponds to 
DMAChannelL The naming convention for the ISnd is shown in Table 35 below and this would cone- 
spond to a multi-SoPEC system such as that shown in Figure 27. We use the term ISIId instead of SoPE- 
Cld to avoid confusion with the unique ChipID used to create the SoPECJd and SoPEC id key fsee 
chapter 1 7 and [9] for more details). 



Table 35. ISIId naming conventfon 





i 




0 


ISIMaster (typically a SoPEC connected to the host via USB1.1) 


1 - 14 


iSISIave1-14 


15 


Broadcast ISrid 



r\xjiA «x*.t^4wi^ aiiww **» w auuress any LfiviAi^nannei m ine system. The ISI, 

DMA manager and SCB map hardware use the ISIId and ISISubId to handle the different data streams that 
are active m a multi-SoPEC system as does the software ninning on the CPU of each SoPEC. In this docu- 
ment we will identify DMAChannels as ISlx.y where x is the ISIId and y is the ISISubId. Thus ISI2 1 
refers to DMAChannell of ISISlaveZ Any data sent to a broadcast channel, i.e. ISI15.0 or ISI15.1 are 
received by eveiy ISI device in the system including the ISIMaster (which may be an ISI-Bridge). 
The USB controller and software stacks however have no understanding of the ISIId and ISISubId but the 
Silverbrook printer driver software running on the host PC does make use of the ISIId and ISISubId USB 
IS simply used as a data transport the mapping of USB endpoints onto ISIId and SubId is communicated 
from the host PC Silverbrook code to the SoPEC Silverbrook code through USB control (or possibly bulk 
data) messages i.e. the mapping information is simply data payload as far as USB is concerned. The code 
rxuming on SoPEC is responsible for parsing these messages and configuring the SCB accordingly. 
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The use of just two DMAChaimels places some limitations on what can be achieved without software 
intervention. For every SoPEC in the system there are more potential sources of data than there are sinks 
For example an ISISlave could receive both control and data messages from the ISIMaster SoPEC in addi- 
tion to control and data from the host, either specifically addressed to that particular ISISlave or over the 
broadcast ISI channel. However all ISISlaves only have two possible data sinks, i.e. the two DMAChan- 
nels. Another example is the ISIMaster in a multi-SoPEC system which may receive control messages 
from each SoPEC in addition to control and data inforaiation from the host (e.g. over USB). In this case all 
of the control messages are in contention for access to DMAChannelO, We resolve these potential conflicts 
by adopting the following conventions: 

1) Control messages may be interleaved in a memory buffer: The memory buffer that the 
DMAChannelO points to should be regarded as a central pool of control messages. Every control 
message must contain fields that identify the size of the message, the source and the destination of 
the control message. Control messages may therefore be multiplexed over a DMACharmel which 
allows several control message sources to address the same DMAChannel. Furthermore, if SoPEC- 
type control messages contain source and destination fields it is possible for the host to send control 
messages to individual SoPECs over the ISI 15.0 broadcast channel 

2 ) Data messages should not be interleaved in a memory buffer: As data messages are typically 
part of a much larger block of data that is being transferred it is not possible to control their contents 
in the same manner as is possible with the control messages. Furthermore we do not want the CPU 
to have to perform reassembly of data blocks. Data messages from different sources cannot be inter- 
leaved over the same DMAChannel - the SCB map must be reconfigured each time a different data 
source is given access to the DMAChannel. 

3 ) Every reconfiguration of the SCB map requires the exchange of control messages: The only 
active SCB map in a multi-SoPEC system is the SCB map in the ISIMaster as all ISISlaves auto- 
matically send data addressed to themselves to either DMAChannelO or 1 i.e. the ISI is the only 
source of incoming data in an ISISlave. The ISIMaster's SCB map reset state is shown in Figure 39 
and any subsequent modifications require the exchange of control messages between the ISIMaster 
and the host. As the host is expected to control the movement of data in any SoPEC system it is 
anticipated that all changes to the SCB map will be performed in response to a request from the 
host. While the ISIMaster could autonomously reconfigure the SCB map (this is entirely up to the 
software running on the ISIMaster) it should not do so without inforaiing the host in order to avoid 
data being misrouted. 

An example of the above conventions in operation is worked through in section 12.7.2. 



12.7.1 Host PC to ISIMaster SoPEC communication 

When considering SCB map configurations we always assume that the ISIMaster is a SoPEC device, in 
particular the SoPEC connected to the USB bus (and receiving data on USB endpoint 2, 3 or 4), rather than 
an ISI-Bridge chip. ISI-Bridge chips are likely to have something similar to an SCB map and the following 
mfomiation should broadly apply to an ISI-Bridge but we focus here on an ISIMaster SoPEC for clarity. 
As the ISIMaster SoPEC represents the printer on the USB bus it is required by the USB specification to 
have a dedicated control endpoint. EPO. At boot time the ISIMaster SoPEC will also require a bulk data 
endpoint to facilitate the transfer of program code from the host PC. The simplest SCB map configuration. 
I.e. for a single stand-alone SoPEC, is sufficient for host to ISIMaster SoPEC communication and is shown 
in Figure 38. In this configuration all USB control information exchanged between the host and SoPEC 
over EPO (which is the only bidirectional USB endpoint). SoPEC specific control information (printer sta- 
tus, DNC info etc.) is also exchanged over EPO. 

All packets sent to the host from SoPEC over EPO must be written into the EPO FIFO by the CPU. All 
packets sent from the host to SoPEC can be placed in DRAM by the DMA Manager (as is usually the 
case) or read directly by the CPU. This asymmetry is because in a multi-SoPEC environment the CPU will 
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need to examine all incoming control messages (i.e. messages that have arrived over DMAChannelO) to 
ascertain their source and destination (i.e. they could be from an ISISlave and destined for the host) and so 
the additional overhead in having the CPU move the short control messages to the EPO FIFO is relatively 
small. Furthermore we wish to avoid making the SCB more complicated than necessary, particularly when 
there is no significant performance gain to be had as the control traffic will be relatively low bandwidth. 

The above mechanisms are appropriate for the types of communication outlined in sections 12 4 11 
through 12.4.1.4 
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Figure 38. Single SoPEC SCB map configuration and dataflow 
1 2.7.2 Broadcast commun ication 

An SCB configuration for broadcast communication is shown in Figure 39. This particular configuration is 
also the default, post power-on reset, configuration for the ISIMaster SoPEC. USB endpoints EP2 and EP3 
are mapped onto ISFSublDO and ISISubldl of ISIIdl5 (the broadcast ISIId channel). EPO is used for con- 
trol messages as before and EPl is a bulk data endpoint for the ISIMaster SoPEC. Depending on what is 
convement for the boot loader software, EPl may or may not be used during the initial program download, 
but EPl IS highly likely to be used for compressed page or other program downloads later. For this reasoii 
Jt IS part of the default configuration. In this setup the USB device configuration will take place, as it 
always must, by exchanging messages over the control channel (EPO). 

One possible boot mechanism is where the host PC sends the bootloaderl program code to all SoPECs by 
broadcastmg it over EP3. Each SoPEC in the system then authenticates and executes the bootloaderl pro- 
gram The ISIMaster SoPEC then polls each ISISlave (over die ISIx.O channel). Each ISISlave ascertains 
Its ISIId by samphng the particular GPIO pins required by the bootloaderl and reporting its presence and 
stauis back to the ISIMaster. The ISIMaster then passes this infonnation back to the host over EPO Thus 
both the host and the ISIMaster have knowledge of the number of SoPECs. and their ISIIds, in the system 
The host may then reconfigure the SCB map to better optimise the SCB resources for the particular multi- 
SoPEC system. This could involve simplifying the default configuration to a single SoPEC system (Figure 
38) or remapping the broadcast channels onto DMAChannels in individual ISISlaves. 
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Figure 39. DefauH SoPEC SCB map configuration and dataflow 

The foUowing steps are required to reconfigure the SCB map from the system depicted in Figure 39 to one 
where EP3 is mapped onto ISIl .0: 

1) The host PC sends a control message(s) to the ISIMaster SoPEC requesting that USB EPS be 
remapped to ISIl.O 

2) The ISIMaster SoPEC sends a control message to the host PC informing it that EP3 has now been 
mapped to ISIl.O (and therefore the host knows that the previous mapping of ISIlS.l is no longer 
available through EP3). \ 

3 ) The host may now send control messages directly to ISISlavel without requiring any CPU interven- 
tion on the ISIMaster SoPEC 



12.7.3 Host PC - ISISIave SoPEC communication 

The default post-boot (as opposed to post^reset) SCB map configuration for an ISISIave SoPEC is to have 
all USB endpoints unconnected. The ISI automatically forwards any data addressed to it (including broad- 
cast data) to the DMA with the appropriate ISISubld. If the ISIMaster is configured correctly (e.g. when 
the ISIMaster is a SoPEC, and that SoPEC's SCB map is configured correctly) then data sent from the host 
dcstmed for an ISISIave will be transmitted on the ISI with the correct address. If the ISISIave has data to 
send to the host it must do so by sending a control message to the ISIMaster identifying the host as the 
mtended recipient. It is then the ISIMaster's responsibility to forward this message to the host. 
With this configuration the host can communicate with the ISISIave via broadcast messages only and this 
IS the mechanism by which the bootloaderl program is downloaded. The ISISIave is unable to communi- 
cate with the host (or the ISIMaster) until the bootlloaderl program has successfully executed and the 
ISISIave has determined what its ISUd is. After the bootloaderl program (and possibly other programs) 
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has executed the SCB map of the ISIMaster may be reconfigured* to reflect the most appropriate topology 
for the particular multi-SoPEC system it is part of. 

All communication from an ISISlave to host is achieved by sending messages via the ISIMaster. The 
ISrSlave can never initiate communication to the host. If an ISISlave wishes to send a message to the host 
it may do one of two things: (a) wait until it is polled by the ISIMaster or (b) indicate in its ISI acknowl- 
edgement packet (sent in response to the reception of an ISI packet specifically addressed to that ISISlave) 
that it has a message to send When the ISIMaster receives the message from the ISISlave it first examines 
It to detenmne the intended destination and will then copy it into the EPO HFO for transmission to the 
host. The software mnning on the ISIMaster is responsible for any arbitration between messages firom dif- 
ferent sources (including itself) that are all destined for the host. 

The above mechanisms are appropriate for the types of communication outlined in sections 12.4.1 5 and 
12.4.1.6. 

12.7.4 ISIMaster - ISISlave communication 

AU ISIMaster - ISISlave communication takes place over the ISI. Immediately after reset this can only be 
by means of broadcast messages. Once the bootloaderl program has successftilly executed on all SoPECs 
in a multi-SoPEC system the ISIMaster can communicate with each SoPEC on an individual basis. 
If an ISISlave wishes to send a message to the ISIMaster it may do so in response to a ping packet from the 
ISIMaster. When the ISIMaster receives the message from the ISISlave it must interpret the message to 
determine if the message contains information required to be sent to the host. In the case of the ISIMaster 
being a SoPEC, software will transfer the qjpropriatc information into the EPO FIFO for transmission to 
the host. 

The above mechanisms are appropriate for the types of communication outlined in sections 12.4 23 and 
12.4.2.4. 

1 2.7.5 ISISlave - ISISlave communication 

ISISlave to ISISlave communication is expected to be linuted to two special cases; (a) when the PrintMas- 
ter is not the ISIMaster and (b) when a storage SoPEC is used. When the PrintMaster is not the ISIMaster 
then it will need to send control messages (and receive responses to these messages) to other ISISlaves. 
When a storage SoPEC is present it may need to send data to each SoPEC in the system. All ISISlave to 
ISISlave communication will take place in response to ping messages from the ISIMaster. 

12.7.6 SCB Map configuration registers 

The SCB map is configured by mapping a USB endpoint on to a data sink. This is performed on a endpoint 
basis i.e. each endpoint has a configuration register to allow its data sink be selected. Mqjping an endpoint 
on to a data sink does not initiate any data flow - each endpoint/data sink needs to be enabled by writing to 
the appropriate configuration registers in the USB controller/ ISI / DMA manager. 



Table 36. SCB Map configuration registers 



^^^^ 










0x100 


USBEPODest 


7 


0x20 


This register determines which of the data sinks the 
data arriving in EPO should be routed to. 


0x104 


USBEPIDest 


7 


0x21 


Data sink for USB EP1 


0x108 


USBEP2Des1 


7 


0x3E 


Data sink for USB EP2 
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Table 36. SCB Map configuration registers 



0x1 OC 








u&DtKyuest 


7 


0x3 F 


Data sink for USB EP3 


0x110 


USBEP4Dest 


7 


0x23 


Oatastnk for USB EP4 



The same encoding is used for each of the USBEPnDest configuration registers and is described in 
Table 37. The ISIId register (see Table 30) allows the SCB map to identify data that should be routed to the 
DMA Manager as well as. or instead of, to the ISI. The SCB map therefore does not need special fields to 
identify the DMAChannels on tiie ISIMaster SoPEC as this is taken care of by the SCB hardware. Thus the 
USBEPODest and USBEPlDest registers should be progranuned with 0x20 and 0x21 (for ISIO.O and 
ISIO. 1) respectively to ensure data arriving on these en<i>oints is moved dircctiy to DRAM, 



Tabfe 37. USBEPnDest register 





mm 




uesn^isuDia 


0 


Indk^tes wtiich DMAChanneJ of the target SoPEC the endpoint is 
mapped onto: 

0 = DMAChannelO 

1 =DMAChannel1 


OestlSlld 


4:1 


Denotes the JSIId of the target SoPEC as per Table 35 


ChannefEn 


5 


Enable bit for the DMAChannel: 

0 = Channel disabled 

1 = Channel enabled 


SequenoeBit 


6 


Sequence bit for packets going from USBEPn to OestlSlld,De$tl- 
SiSubld. Every CPU write to this register initialises the value of the 
sequence bit and this is subsequently updated by the ISI after 
every successful long packet transmission. 



A SoPEC ISIMaster should map as many USB endpoints, under the control of the host, as are required for 
^e^ulti-SoPEC system it is part of. As already mentioned this moping may be dynamically rcconfig- 



12.7.7 SCB transmit buffer arbitration 



When the SCB transmit buffer has been emptied the SCB control logic will immediately seek to refill it 
As there may be data waiting in a USB endpoint FIFOs and in the CPUISI transmit buffer it may be neces- 
sary to arbitrate between tiiese data sources. This arbitration is controlled by the SCBTxBuffArb register 
which contains a high priority bit for both die CPU and the USB. If only one of these bits is set then the 
con-esponding source always has priority Note that if the CPU is given absolute priority over the USB the 
software filhng the CPUISI transmit buffer needs to ensure that sufficient USB traffic is allowed through 
If bodi bits of the SCBTxBuffArb have die same value dien arbitration will take place on a round robin 
basis. 

As die speed at which die SCB transmit buffer can be emptied is at least 5 times greater dian it can be filled 
by USB traffic die double buffers used for each USB endpoint will not overflow using die above scheme in 
normal operation. There are a number of scenarios which could lead to die USB endpoints being tempo- 
ranly blocked such as the CPU having priority, retransmissions on die ISI bus, channels being enabled (cf 
die ChannelEn bit of die USBEPnDest register) with data akeady in dieir associated endpoint HFOs or 
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short packets being sent on the USB. Care should be taken to ensure that the USB bandwidth is efficiently 
utilised at all times. 



12.7.8 SCB Control Block 



The SCB control block is responsible for coordinating access to and between the various sub-blocks in the 
SCB. This includes translating between the CPU subsystem bus and the USB native bus protocol, moving 
data from the USB endpoint FIFOs into the SCB transmit buffer, moving data from the CPUISI transmit 
buffer into the SCB transmit buffer and arbitrating between the CPU and itself for access to the SCB sub- 
blocks. 



Tabfe 38. SCB control block configuration registers 




0x120 



0x124 



0x128 



WakeupEnable 



SCBTxBuffArb 



SCBDebugSel 



10 



0x0 



0x0 



0x000 



This register is used to gate the propagation of the 
USB and ISI reset signals to the CPR block. Active 
high. 

WakeUpEnabte(01: usb^cpr^feset_n control 
WakeUpEnable(1 ): isLcpr^reset_n control 



Determines which source has priority when oonten> 
tion arises in fiiling the SCBTxBuffer. When a bit is 
set priority is gh/en to the relevant source. 
SC6TxBuffArt>[0]: CPU priority 
SCBTxBijffArb[1]: USB priority 



Contains address of the register selected for debug 
observation as it wouid appear on cpu_adr(1 1 :2} 
The contents of the selected register are output in 
the scb_cpu_data bus whiie €pu^scb__S0l Is low and 
scb_cpu^debug_va!idi9 asserted to indicate the 
debug data is valid. 

it is expected that a number of pseudo-registers will 
be made available for debug observation and these 
will be outlined with the implementation details. 



12.8 DMA Manager 



The DMA manager manages the flow of data between the SCB and the embedded DRAM. Whilst the 
CPU could be used for the movement of data in a USB 1.1 enabled SoPEC a DMA manager is a more effi- 
cient solution as it will handle data in a more predictable fashion with less latency and requiring less buff- 
ering. Furthermore a DMA manager is required to support the ISI transfer speed and to ensure that the 
SoPEC could be used with a high speed ISI-Bridge chip in the future. 

The DMA manager uses two independent channels, one for each ISISubId, to control the movement of 
data. Both DMAChannels only support write operation and can transfer data from any USB endpoint and 
from the ISI receive buffer. Data is moved at the soonest opportunity to do so and is always moved in 256- 
bit slices as required by the DIU. When it is not possible to use a 256-bit slice of data (e.g. at the end of a 
packet or for a short packet) the DMA manager will still use 256-bit access to the DIU. This means that for 
a DIU vmte (data incoming to the SoPEC) the DMA manager will pad the valid data with zeroes until a 
256-bit slice has been filled. 

The DMA manager handles all issues relating to byte/word/longword address alignment, data endianness 
and transaction scheduling. It arbitrates between data arriving from the ISI and data arriving fix)m a USB 
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cndpoint on a round robin basis. The greater guaranteed bandwidth available to the DMA manager (50 
Mbit/s at the time of writing but this may need to be increased especially if a 4- wire ISI bus is used. See 
section 20,6 for more details) ensures that the DMA manager is non-blocking. 

While the DMA manager perfonns the work of moving data the CPU controls the destination and relative 
timing of dataflows to and from the DRAM. The management of the DRAM data buffeis requires the CPU 
to have accurate and timely visibility of both the DMA and PEP memory usage. In other words when the 
PEP has completed processing of a page band the CPU needs to be aware of the fact that an area of mem- 
ory has been freed up to receive incoming data. The management of these buffers may also be performed 
by the host. 

1 2.8.1 Circular buffer operation 

The DMA manager supports the use of circular buffers for both DMAChanncls. Each circular buffer is 
controlled by 5 registers: DMAnBottomAdn DMAnTopAdr, DMAnMaxAdr, DMAnCurrWPtr and DMAnln- 
tAdr, The operation of the circular buffers is shown in Figure 40 below. 




^ DMAnTopAdr 
[4— DMAnlntAdr 



DMAnCurrWPtr 



DMAnMaxAdr 
DMAnBottomAdr 



Key: 



(a) 

I \ Free tnjffer space 



DMAnTopAdr 




DMAnMaxAdr 



DMAnlntAdr 



^ DMAnCurrWRr 



k — DMAnBottomAdr 



(b) 



181^ FiUed buffer space (unprocessed data) 

N>\i Buffer space fiHed since last write to the DMAnlntAdr/DM AnMaxAdr registers 

Figure 40. Circular buffer operation 

Here we see two snapshots of the status of a circular buffer with (b) occurring sometiine after (a) and some 
CPU writes occurring in between (a) and (b). These CPU writes are most likely to be as a result of a fin« 
ished band interrupt (which frees up buflFer space) but could also have occurred in a DMA interrupt service 
routine resulting from DMAnlntAdr being hit. The DMA manager will continue filling the free buffer 
space depicted in (a), advancing the DMAnCurrWPtr after each write to the DIU, Note that the DMACur- 
rWPtr register always points to the next address the DMA manager will write to. When the DMA manager 
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reaches the address in DMAnfrUAdr (i.e. DMACurrWPtr « DMAnlntAdr) it will generate an interrupt if the 
DMAnlntAdrMask bit in the DMAMask register is set. The purpose of the DMAnlntAdr register is to alert 
the CPU that data (such as a control message or a page or band header) has arrived that it needs to process. 
The interrupt routine servicing the DMA interrupt will change the DMAnlnUdr value to the next location 
that data of interest to the CPU will have arrived by. 

In the scenario shown in Figure 40 the CPU has determined (most likely as a result of a finished band 
interrupt) that the filled buffer space in (a) has been freed up and is therefore available to receive more 
data. The CPU therefore moves the DMAnMaxAdr to the end of the section that has been freed up and 
moves the DMAnlntAdr address to an appropriate offset from the DMAnMaxAdr address. The DMA man- 
ager continues to fill the free buffer space and when it reaches the address in DMAnTopAdr it wraps around 
to the address in DMAnBottomAdr and continues from there. DMA transfers will continue indefinitely in 
this fashion until the DMA manager reaches the address in the DMAnMaxAdr register. 

The circular buffer is initialised by writing the top and bottom addresses to the DMAnTopAdr and DMAn- 
BottomAdr registers, writing the start address (which does not have to be the same as the DMAnBottomAdr 
even though it usually will be) to the DMAnCurrfVPtr register and appropriate addresses to the DMAnln- 
tAdr and DIAAnMoxAdr registers. The DMA operation will not commence until a 1 has been written to the 
relevant bit of the DMAChanEn register. 

While it is possible to modify the DMAnTopAdr and DMAnBottomAdr registers after the DMA has started 
it should be done with caution. The DMAnCurrfVPtr register should not be written to while the 
DMAChannel is in operation. DMA operation may be stalled at any time by clearing the appropriate bit of 
the DMAChanEn register or by disabling an SCB mapping or ISI receive operation. 

12.8.2 DMA manager DRAM bandwidth requirements 

The DIU must guarantee the SCB enough bandwidth to ensure that neither a USB endpoint FIFO nor the 
ISI receive buffer can overrun. For example, to facilitate bursty 32 Mbit/s transfers a SoPEC with a 64- 
byte ISI receive buffer would need to be able to transfer 256 bits every 1280 cycles (@160 MHz). This is 
in addition to the USB transactions targeted at the ISIMaster SoPEC which may be in the region of 8-9 
Mbit/s. While USB has a backpressure mechanism SoPEC should strive to obtain optimum USB band* 
width utilization and so USB backpressuring should only be iised as a last resort. The DIU currently guar- 
antees 50 Mbit/s to the SCB and more bandwidth will be available when ottier DIU requestors do not take 
their slots. This is sufficient for the SCB's requirements. 

1 2.8.3 DMA manager configuration registers 

All of the circular buffer registers are 256-bit word aligned as required by the DIU. The DMAnBottomAdr 
and DMAnTopAdr registers are inclusive i.e. the addresses contained in those registers form part of the cir- 
cular buifer.The DMAnCurrWPtr always points to the* next location the DMA manager will write to so 
interrupts are generated whenever the DMA manager reaches the address in either the DMAnlntAdr or 
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DMAnMaxAdr registers rather than when it actually writes to these locations. It therefore cannot write to 
the location in the DMAnMaxAdr register. 



Table 39. DMA Manager Configuration Registers 




The 256-bit aligned DRAM address of the 
bottom of the circular buffer serviced by 
OMAChannelO 



0x204 



Diy^OTopAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
top of the circuiar buffer serviced by 
DMACfianneK) 



0x206 



DMAOCunWPtr 



17 



0x0^0000 



The 256'brt aligned DRAM address of the 
next location DMAChannelO will write to. This 
register is set by the CPU at the start of e 
DMA operation and dynamicaliy updated by 
the DMA manager during the operation. 



Ox20C 



OMAOrntAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
location tfiat will trigger an tnterrupt when 
reached by DMAChannelO buffer. 



0x210 



DMAOMaxAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
last free location in the DMAChannelO drcu- 
far buffer. The DMAChannelO transfers will 
stop when it reaches this address. 



0x214 



OMAOSeqBit 



0x0 



Sequence bit for DMAChannelO. This bit may 
be Initialised by tfie CPU but is updated by 
the iSI each time an enor-free long packet Is 
received. 



0x218 



DMAIBottomAdr 



17 



OxO_0000 



The 256-bit aligned DRAM address of the 
bottom of the dicular buffisr serviced by 
DMAChannell 



0x21 C 



DMAITopAdr 



17 



0x0^0000 



The 256-bit aligned DRAM address of the 
top of the circular buffer serviced by 
DMAChannell 



0x220 



DMAlCurrWPtr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
next location DMAChannell will write to. This 
register is set by the CPU at the start of a 
DMA operation and dynarrucally updated t>y 
the DMA manager during the operation. 



0x224 



DMAIIntAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
location that will trigger an interrupt when 
reached by DMAChannell buffer. 



0x228 



DMAIMaxAdr 



0X22C 



DMAlSeqBIt 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
last free location In the DMAChannell circu- 
lar buffer. The DMAChannell transfers wifl 
stop when it reaches this address. 



0x0 



Sequence bit for DMAChannell . This bit may 
be initialised by the CPU but is updated by 
the ISI each time an error-free long packet is 
received. 



0x230 



DMAChanEn 



0x0 



Enable DMA operation on a per channel 
basis. Acth^ high. 

DMAChanEn[0]: Enable DMAChannelO 
DMAChanEn[1]: Enable DMAChannell 
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Table 39. DMA Manager Configuration Registers 















''■mm 






0x234 


DMAStatus 


4 


0x0 


DMA status register. See section 12.8^.1. 

This register is Readonly. 


0x238 


DMAMask 


4 


0x0 


DMA mask register. See section 12.8.3.2 



f2.6.3.f DMAStatus register 

The contents of the DMAStatus register are read-only to the CPU. The status bits are not sticky bits i.e. 
they reflect the 'live' status of the channel. Status bits may only be cleared by writing to the relevant 
DMAnlntAdroxDMAnMaxAdrxe^Ct. 



Table 40. DMA Status Register 









DMAChanneiOlntAdmit 


0 


OMAChannefO has reached the address contained in the 
OAi40/n£4dA register 


OMAChannelOMaxAdrHit 


1 


DMAChannelO has reached the address contained in the 
DMAOMaxAdr register 


OMAChannell IntAdrHit 


2 


DMAChannetl has reached the address contained in the 
DMAIfntAar register 


OMAChannef 1 MaxAdrHit 


3 


DMAChannetl has reached the address contained in the 
DMAlMaxAdrreQlster 



12.8.3.2 DMAMask register 

All bits of the DMAMask are both readable and writable by the CPU. The DMA manage cannot alter the 
value of this register. All internets are edge sensitive i.€ the DMA manager will generate a dmajcujtrq 
pulse each time a status bit goes high and the corresponding mask bit is enabled. 



Table 41. DIVTA Manager Mask Register 





^# 




OMAChannelOlntAdrHitMask 


0 


1 ^ Generate an interrupt when the DMAChannelOlntAdrHIt status 

bit goes high 

0 = Do not generate an interrupt when the DMAChannelOlntAdrt-lit 
status bit goes high 


DMAChannelOMaxAdrHitMask 


1 


1 = Generate an interrupt when the DMAChanneiOMaxAdrKit status 
bit goes high 

0 B Do not generate an intenrupt when the OMAChannelOMaxAdrHit 
status bit goes high 


DMAChannelllntAdfflftMask 


2 


As per OMAChannelOlntAdrHitMask 


DMAChannehMaxAdrHttMask 


3 


As per DMAChannelOMaxAdrHitMask 



12.9 SCB Implementation 

This section is still a work in progress - the information here should be ignored as it refers to an earlier ver- 
sion of the SCB 
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dmat_icujrq 



usbi_tx_en 



^ usb_t3edp 
^ us&_tx,dm 



usb„rx~dr^ 



usC>_rx_d 



^ us0_feujrq 



us ^cpflreset_n 



1 /■ 

! 7^ 

^ <si_jcu_ir<;[ 

i s^cprjeset_n 





scb_diu_wreq 


4 
1 
t 




4— 


diu_scb_wack 


1 

f 


► 




scbjdiu.wvalid 


4 






8cb diu rreq 


( 
1 


> 


4 


dfu_scb_radc 


1 


»- 


4 


diu_scb_rvalid 


t 




scb_diu wadr < ^ 




scb_diu_radr 


4 






scb_diu_data 


« 






dtu_data 


■ 





DMA 
Manager 



dnia_cpu_data 



dma_cpu_cntr1 



dma_scbs_data 



5cbs_d ma_data 



dfna_scfas_cmft 



USB 



usbjscbs.data 



usb^scbs_cntrl 



ISI 



tsi_scbs_data 





scbsJsLdata 






isi_scbs_cntrl , 







CPU 

Subsystem 
Interface 



U 



4- 


cpu_scb_Sel 


4- 


CPU rwn • 


4- 






scb_<ipu JWy 


sco_cpu_:Denr z 




cpu_adr , 


►1 


cpu_dateout 



SCB 
Switch 



DRAM 



CPU 
Block 
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Characteristics of the data channels: 

USB: Packets should be moved sequentially out of the endpoint FIFOs. The USB is the slowest compo- 
nent in the SCB but its bandwidth is most precious. However both the DMA and ISI can transfer data (50 
and 40 Mbps respectively) much faster than the USB can receive data (1 2 Mbps peak rate) so no flow con- 
trol problems will occur due to a speed mismatch. If one of the DMA or ISI data sinks becomes blocked or 
inactive then the USB controller will assert backpressure (by NAKing packets) when the double buffer for 
the associated endpoint is filled. Other endpoints will remain active in this scenario and the DMA and ISI 
will still be able to transfer data at their peak rates. The worst case scenario is when all enc^)oints have 
their double buffers filled (because all the data sinks had been blocked/disabled) and then all data sinks 
become available again. In this case die backlog will be fully cleared in 3 USB 64.byte packet times. 

ISI: The ISI can support simultaneous reception and transmission of packets. ISI packets should be trans- 
ferred sequentially in either direction. The ISI is expected to handle the packet header and trailer, if any is 
used for error detection, in both directions i.e. only raw payload data is routed through the SCB map. 

DMA: The DMA channels are unidirectional but their direction, namely whether they are transferring 
data to or from DRAM, is programmable. Each DMA transaction to DRAM will be 256 bits wide but all 
256 bits are not always valid. When a transfer of less than 256 bits is required the DMA manager pads the 
remaining bits in the 256-bit word with zeroes, in the case of a write to DRAM, or discards the unnecces- 
saiy bits in the case of a DRAM read. Can we get by with single (256 bits each way or maybe even 256 
bits in all ?) buffering for the DRAM manager ? 
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dma_scbs_data 



scbs_dma_data 



U8b_scbs_data 



usb^scfas^cntrt 



W_scbs_daia 



acb8jsi_data 



DMA 

i/f 



USB 
i/f 



ISI 
i/f 



dma_dout_rdy_kfl1 :0] 
dma_dout ^ 



dma_doLrt_valtd 



dina_cfin^fdy 



dma_din^ld[1:0] 



, dma din 



7^ 



dfna_din_valid 



usb_ep_fdy(2:0J 
usb_rx_data ^ 



usb_data_valid 



isLdata_rdy_ld[5:0J 





isLrx_data ^ 






teLiX-data_valid 






isLbc^rdy 




4- 


isLbe.data_ld[4:01 


— > 




isl.t(_data ^ 






fsi.bcdattuvaiid 





CPU 
Subsystem 
Interface 



Switch 
Logic 



Figure 41. SCB Switch block diagram 



SCB Switch pseudocode: 

const no_data_sinlcs = 12 

for i = 1 to fio_data_sinks 
if (i <s 2) then 

sinJ^data is dma.din 
fiinK_rdy is dma_dia_rdy 
sink_data_valid is dma^din^valid 
sink^id is dina_din_id 
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else 

8ink_data is iai_tx_data 
sinker dy is isi_tx;_rdy 
sink_dat:A_vaIid is isi_t3^dato_valid 
sink_id is is i_tx_data_id 



if (data_src_reg(i) !« 0) then // Each data sink has an associated data source 

// register. A non-zero value means the sink is enabled 
if ( {data_arc_reg[i) & OxFO) == 0x10) then // A USB enc^int is the data source 
if (<usb_ep_rdyC41 == 1) AND (usb_ep_rdy [3 ; 0] data_src_reg( iH3 : 01 ) ) then 

// there is data waiting in the EP FIFO 
while ( (U8b_data.valid «== 1) AND (sink_rdy == 1) AND clocktick) 
sink_data = usb_r3c_data 
sink_data_valid = 1 

if (i <= 2) then // The sink is a DMAChannel 
sink^idllj = 1 
sink.id(0] i -1 
else // The sink is an ISZ channel 
sink_id[Sl = 1 
8ink.id[4:0] = i -1 
else // There is no data ready to go 
sink_daca_valid = 0 

els if <data_src_reg 6 OxPO) == 0x20) then it The ISI is the data source 

if <isi.data_r<?y_idC3:03 == data.src.reg(i) [3:0] ) then // there is data waiting 

// in the ISI receive FIFO for this XSISubld 
while ( (isi_rx_data_valid == 1) AND (sink-^rdy 1) AND clocktick) 
sink_data = isi_rK-data 
8ink_data.valid e i 

If (i <B 2) then // The sink is a OfAChannel 
sink_id[l] = 1 
sink^idCO) « i -1 
else // The sink is an ISI channel 
sink_id(51 = 1 
sink_idC4:0) =s i -3 
else // There is no data ready to go 
sink^data^valid = 0 

elsif (data_src.reg 6 OxFO) == 0x30} then // The r»lA is the data source 

if (diBa_dout_r4y-idC0) == data.src.reg[i] [0} ) then // there is data waiting 

// in the relevant DMA buffer for this sink 
while ( (draa_dout_valid »= 1) ANO (alnk^dy 1> AND clocktick) 
sink__data ^ dma_dout 
sink_data_valid = 1 

if (i <= 2) then. // The sink is a DMA channel 
sink_idll) « 1 
sink^id{0) = i -1 
else // The sink is an ISI channel 
sink_id[51 tz \ 
sink_id(4:0J = i -3 
else // There is no data ready to go 
sinK_data_valid = 0 



The above pseudocode has a few shortcomings, particularly if all our data buses are not the same size, but 
it shows the basic functionality the switch is supposed to offer. The main loop of the pseudocode (for i = 1 
to no_data_sinks) dictates what happens within one timeslot The timeslots take as long as required to 
complete and loop around endlessly. The msb of the usb_fip_rdy[4:0], isi_data^rdyJd[S:0] and 
dma_dout_rdy_Jd[I:OJ signals is used to indicate that data is available in tiie relevant block. 
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13 General Purpose lO (GPIO) 

13.1 Overview 

The General Purpose lO block (GPIO) is responsible for control and interfacing of GPIO pins to the rest of 
the SoPEC system. It provides easily programmable control logic to simplify control of GPIO functions. 
In all there are 14 GPIO pins of which certain pins have special functions, their functions are detailed as: 

• 4 Motor control lOs internally pulled down 

• 4 General purpose high drive pulsed lOs enable of driving LEDs. 

• 4 Open drain lOs used for LSS interfaces 

• 2 Normal drive lOs used for the ISI interface in Multi-SoPEC mode 

Each of the pins can be configured in either input or output mode, each pin is independently controlled. A 
programmable de-glitcfaing circuit exists for all input pins. Each input is a schmidt trigger to increase noise 
immunity should the input be used without the de-glitch circuit. The mapping of the above functions and 
their alternate use in a slave SoPEC to GPIO pins is shown in Table 42 below. 



Table 42. GPIO pin functionality 







gpio[3:0] 


Motor control pins / general purpose lO 


flpior7:4j 


LED driver pins / general purpose lO 


gpic[11:8] 


LSS interface pins / general purpose lO 


gpto[13:12] 


ISI Intertace pins / general purpose lO 



1 3.2 Motor control 

The motor control pins can be direcdy controlled by the CPU or the motor control logic can be used to 
generate the phase pulses for the stepper motors. The controller consists of two central counters from 
which the control pins are derived. The central counters have several registers (see Table 44) used to con- 
figure the cycle period^ the phase, the duty cycle, and counter granularity. 

There are two motor master coimters (0 and 1) with identical features. The period of the master counters 
are defined by the MotorMasterClkPeriodfJ. OJ and MotorMasterClkSrc registers i.e. both master counters 
are derived from the same MotorMasterClkSrc. The MotorMasterClkSrc defines the timing pulses used by 
the master counters to detennine the timing period. The MotorMasterClkSrc can select clock sources of 
1 MS» 1 OOjis, 1 0ms and pclk timing pulses. 

The MotorMasterClkPeriod[l:0] registers are set to the number of timing pulses required before the tim- 
ing period re-staits. Each master counter is set to the relevant MotorMasterClkPeriod value and counts 
down a unit each time a timing pulse is received. 

The master counters reset to MotorMasterClkPeriod value and count down. Once the value hits zero a new 
value is reloaded from the MotorMasterClkPeriod [1:0] registers. This ensures that no master clock glitch 
is generated when changing the clock period. 

Each of the lO pins for the motor controller are derived from the master counters. Each pin has indepen- 
dent configuration registers. The MotorMasterClkSelect[3:0] registers define which of the two master 
counters to use as the source for each motor control pin. The master counter value is compared with the 
configured MotorCtrlHigh and MotorCtrlLow registers. If the coxmt is equal to MotorCtrlHigh value the 
motor control is set to 1, if the count is equal to MotorCtrlLow value the motor control pin is set to 0. 

This allows the phase and duty cycle of the motor control pins to be varied at /^c/A: granularity. 
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The motor control generators can be paused at the end of a clock period by setting the MotorMasterClock- 
Enable register to zero. This allows the CPU to re-configure the motor controller without causing a glitch 
on the output pins. 



13.3 LED CONTROL 



LED lifetime and brightness can be improved and power consumption reduced by driving the LEDs with a 
pulsed rather than a DC signal. The source clock for each of the LED pins is a 7.8kHz (I28^s period) 
clock generated from the \\is clock pulse from the Timers block. The LEDDutySelect registers are used to 
create a signal with the desired waveform. Unpulscd operation of the LED pins can be achieved by using 
CPU 10 direct control. By default the LED pins are controUcd by the LED control logic. 



Master Clock 
LEOOutySeiect =0 
LEDDutySelect si 
LEDDutySelect s2 
LEDDutySelect =3 
LEDDutySelect s4 
LEDDutySelect aS 
LEDDutySelect «B 
LEDDutySelect s7 |^ 



I 

I — L 



1 



I r 

I 



Figure 42. Duty Cycle Select 



13.4 LSS INTERFACE VIA GPIO 

In some SoPEC system configurations one or more of the LSS interfaces may not be used. Unused LSS 
mterface pins can be reused as general lO pins by configuring the CpuIOCtrl register. When a bit in the 
CpuIOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the pin is controUed 
by the LSS block. By default the LSS controls the GPIO pins H to 8. 

1 3.5 ISI INTERFACE VIA GPIO 

In Multi-SoPEC mode the SCB block (in particular the ISI sub-block) requires direct access to and from 
the gpio[12] andgpiofJ3J pins. Control of the ISI interface pins is detennined by the CpuIOCtrl register. 
>Vhen a bit in the CpuIOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the 
pm is controlled by the ISI block directly. By default the pins are directly controlled by the ISI block. 
In single SoPEC systems the pins can be re-used by the GPIO. 

1 3.6 CPU GPIO CONTROL 

The CPU can assume direct control of any (or all) of the lO pins individually. On a per pin basis the CPU 
can turn on direct access to the pin by setting the CpuIOCtrl register. Once set the lO pin assumes the 
direction specified by the CpuIODirection register. When in output mode the value in register CpuIOOut 
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S5 



Will be dir^tly reflected to the output driver. When in input mode the status of the input pin can be read in 
either the direct version or a de-gUtched form, by reading CpuIOfn and CpuIOInDegiitch respectively 
When wntog to the Q«//00«r register the top bits of the register (bits 29 to 16) are used to filter access to 
the lower bits (13 to 0). 



13.7 Programmable de-glitching logic 

Each ID pin can be filtered through a de-glitching logic circuit. The circuit can be configured to sample the 
lO pm for a predetennined tune before concluding that a pin is in a particular state. The exact sampling 
length IS configurable, but each GPIO pin must use one of two possible configured values (selected by 
DeGlitchSelect). The sampling length is the same for both high and low states. The DeGlitchCount is pro- 
grammed to the number of system time units that a state must be valid for before the state is passed on 
The time units are selected by DeGUtchCikSel and can be one of Ijis. lOOjis^lOms and pclk pulses. 
For example if DeGlitchCount is set to 10 and DeGlUchClkSel set to 3, then an input pin (one of gpiofJS 
to OJ) must consistently retain its value for 10 system clock cycles (pclk) before the input state will be 
propagated from CpuIOln to CpuIOInDeglitcfL 

13.8 INTERRUPT GENERATION 

Any of the GPIO pins can generate an interrupt fcom the raw or deglitched version of the input pin There 
are 14 possible intemipt sources from the GPIO to the interrupt controller, one interrupt per input pin. The 
InterruptSrcSelect register determines whether the raw input or the deglitched version is used as the inter- 
rupt source. 

The interrupt type, masking and priority can be programmed in the interrupt controller. 

1 3.9 Frequency analyser 

The frequency analyser measures the duration between successive positive edges on an input pin and 
reports the last period measured {FreqAnoLastPeriod) and a running average period {FreqAnaAveragey 
The running average is updated each time a new positive edge is detected and is calculated by 
FreqAnaAverage = ( FreqAnaAverage / 8 ) ♦ 7 + FreqAnaLastPeriod 1 8, 

The analyser can be used with any input pin (or its degUtched form), but only one pin at a time can be 
selected The pin is selected by the FreqAnaPinSeiect and its deglitched fonn can be selected by 
Fi-eqAnaPinFormSelect, 
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13.10 IM PLEMENTATION 
13.10.1 Definitions of I/O 



Tabfe 43. 1/0 definition 




Clocks aiKl Resets 



pdk 


1 


(n 


System Clock 


prstjn 


1 


tn 


System reset, synchronous active k>w 


tim_pulse[2:0] 


3 


In 


Timers t}lock generated timing pulses. 

0 - 1 lis pulse 

1 • 100 )is pulse 

2 - 10 ms pulse 


CPU Interface 


cpu_addr[7:2] 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space tor this block 


cpu_dataoLrt{31 :0J 


32 


In 


Shared write data bus from the CPU 


gpto_cpy_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Comnx}n read/not-write signal from the CPU 


cpu_^iQ.sel 


1 


in 


Block select from the CPU. When cpu_gpio_sef is high both 
CpiUiMr and cpu_dataout are valid 


gpio.cpu^rdy 


1 


Out 


Ready signal to the CPU. When i7Pto.<^_/dy Is high it Indi- 
cates the last cyde of the access. Por a write cyde this means 
cpcLdSaeaouf has l>een registered by the GPIO block and for a 
read cyde this means the cteta on gpto^cpu_data is valkL 


Opk)_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


gp{o_cpu_debug_vafid 


1 


Out 


Debug Data valid on gf^ucpujsSata bus. Active high 


cpu_acode[1:0] 


2 


In 


CPU Access Code signals. These decode as IbOows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 
11- Supervisor data access 


10 Pins 


gpio_o(13:01 


14 


Out 


General purpose lO output to ID driver 


gplo_iI13:0] 


14 


In 


General purpose 10 input from lO receiver 




14 


Out 


General purpose lO output control. Active high driving 


GPIOtoLSS 


lss^io_do{1K)] 


2 


In 


LSS bus data output 
BitO-LSS busO 
Bit 1 - LSS bus 1 


gpio.lss_diC1.-0] 


2 


Out 


LSS bus data input 
Bit 0 - 1^ bus 0 
Bit 1 - LSS bus 1 


lss-gpto.e{1:01 


2 


In 


LSS bus data output enable, active high 

BitO-LSSbusO 

Bft 1 - LSS bus 1 


lss^pk)_clk[1:0l 


2 


In 


LSS bus dock output 
BitO-LSSbusO 
Bit 1 - LSS bus 1 


GPIO to isr 
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Table 43. I/O definition 









gptojsj_din[1:0] 


2 


Out 


Input data from lO receivers to ISL 


teLgpk)_douH1.-0] 


2 


(n 


Data output from ISI to tO drivers 




2 


In 


GPIO ISI pins output enaMe (active high) from ISI InterCaoe 


Interrupts 


epio_icujrq[13:03 


14 Out GPIO pin interrupts 


Debug- 


detMjg_data_qut[1 6:3] 


14 


In 


Output debug data to be muxed on to the GPIO pins 


debuo_cntri[16:3) 


14 


In 


Control signal for each GPIO bound debug data line indicating 
whether or not the debug data should be selected by the pin 
mux 



13.10^ Configuration registers 

The configuration registers in the GPIO are programmed via the CPU interface. Refer to section 1 1.4.3 on 
page 70 for a description of the protocol and timing diagrams for reading and writing registers in the 
GPIO. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the GPIO. When reading a register that is less than 32 bits wide zeros should be returned on the upper 
unused bit(s) of gpio_pcu_data. Table 44 lists the configuration registers in the GPIO block 



Table 44. GPIO Register Definition 




CPU lO Control 



0x00 


CpulOCtri 


14 


0x0000 


indicates whether each lO pin is directly control- 
led by the CPU ornot 

0 - Default Control 

1 - CPU Control 


0x04 


CpulOUserModeMask 


14 


0x0000 


User Mode Access Mask to CPU GPIO control 
re^ster. When 1 user access is enabled. One 
bit per gpio pin. Enables access to CpulODirec- 
Uon, CpulOOuU CpulOln and CpufOinOegfitch 
in user mode if Cpu/OCtrl allows CPU access. 


0x08 


CpulOSuperModeMask 


14 


OxSFFF 


Supervisor Mode Access Mask to CPU GPIO 
control register. When 1 supen/isor access is 
enabled. One bit per gpio pin. Enables access to 
CputOOirBcdon, OputOOut, CputOtn and Cpu/- 
OlnDegiitch in supervisor mode if CpufOCtrl 
allows CPU access. 


OxOC 


CputODirectton 


14 


0x0000 


Indicates the directk>n of each lO fjAn, when con- 
trolled by the CPU 

0 - Indicates Input Mode 

1 • Indicates Output Mode 
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Table 44. GPIO Register Definition 





a tmAD v^-^imi 






0x10 


CpulOCXit 


30 


0x0000 
«0000 


Value used to drive output pin In CPU direct 
mode. 

bttsi 3:0 - Value to drive on output GPIO pins 
bits 15:14 - Reserved, (Read as zero always) 
bits 29:1 6 - Write enaWe mask for bit8l3X), 0 
enables write, 1 masks the write. (Read as zero 
always) 


0x14 


CpulOln 


14 


Exter- 
nal pin 
value 


Value received on each input pin regardless of 
mode. Read Only register 


0x18 


CpulOlnOegfitch 


14 


0x0000 


Deglitched version of CpuiOin register. Note 
that after reset this register will reflect the exter- 
nal pin values 256 pc^tc cycles after they have 
Gtabflized. Read Onfy register. 


Deglttch contn 


9i 


0x20-024 


DeQ]itchCountri:0] 


2x6 


OxFF 


De-glitch drcurt sample count tn DeGlitchakSrc 
selected units for pins gpio[13:0) 


0x28-2C 


OeGmchClkSrc[1:0] 


2x2 


0x3 


Specifies the unit use of the GPIO deglitch cir- 
cuits: 

0 - 1 pulse 

1 - 100 Hs pulse 
2* 10 ms pulse 
3*pcfiir 


0x30 


DeGIitchSeiect 


14 


0x000 


Specifies which deglileh count {DeGtitchCount^ 
and unit select {DeGfUchCikSrdi should be used 
to deglitch each GPIO pin 

0 • Specifies DeGrnchCountlOJ and DeGStgAC^- 
StcfOJ 

1 - Specifies DeG^tchCountfl] and DeGHtchOk- 
Src(1] 


Motor Control 




0x34 


MotorCtrlUserModeEnabfe 


1 


0x0 


User Mode Access enable to Motor control con- 
figuration registers. When 1 user access is ena- 
bled. 

Enables user access to MotorMastefCtkPeriod, 
MotoiMasterCtkSrc, Moto/OutySelect, Motor- 
PhaseSelect, MotorMastetCtockBnabte and 
MotorMasterClkSefect registers 


0x38to0x3C 


MotofMasterClkPsriodll .-0] 


2x16 


0x0000 


Specifies the motor oontroller master dock peri- 
ods in MororAfaste/CMrSrc selected units 


0x40 


MotorMasterClkSrc 


2 


0x0 


Specifies the unit use by the motor controller 
master ckx:k generator: 

0 - 1 fi8 pulse 

1 - 100 |is pulse 

2 - 10 ms pulse 
3-PC//C 


0x44 to 0x50 


MotorCtrJHigh[3:0] 


4x16 


0x0000 


Specifies the low to high transition point in the 
cJock period for each motor control pin. 


0x54 to 0x60 


MotorCti1Low[3:0] 


4x16 


OxFFFF 


Specifies the high to low transition point In the 
clock period for each motor control pin. 
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Table 44. GPIO Register Definition 









m 


M 






0x64 to 0x70 


MotorMastefClkSelect[3:0] 


4x1 


0x0 


Specifies which motor masler dock should be 
used as a pin generator source 

0 - Clock derived from MotofMasterCtockPe- 

riod[0] 

1 -Crock derived from MotorMastBrCfockPo- 
riodllj 


1 


0x74 


MotorMasterClockEnable 


2 


0x0 


Enable the motor master dock counter When 1 
count Is enabled 

Bit 0 - Enable motor master dock 0 
Bit 1 • Enable motor master dock 1 




LEO control 


1 


0x78 


LEDCWUserModeEnable 


4 


0x0 


User Mode Access enable to LED control con- 
figuratton registers. When 1 user access is ena- 
bled. 

One bit per LEDOuiyS^ecf select register. 


1 


0x7Cto0x86 


LEDDutySelect[3:0] 


4x3 


0x0 


Specifies the duty cyde for each LED pIn.See 
Figure 42 for encoding details. The LEDOutySe- 
lect[3:0J registers determine the duty cyde of 
the gf^^:4}pinB 




Fre<iuency Analyser 




oxac 


FreqAnaRnSelect 


4 


0x00 


Selects which GPIO input shouki be used fbr the 
frequency analyses. 




0x90 


FreqAnaPinFonnSelect 


1 


0x0 


Selects if the frequency analyser shouki use the 
raw Input or the degtitched form. 

0 - Deglitched form of Input pin 

1 ' Raw form of input pin 




0x94 


FreqAnaLastPeriod 


16 


0x0000 


Frequency Analyser last period of selected input 
pin. 




0x96 


FreqAnaAvemge 


16 


0x0000 


Frequency Analyser average period of selected 
input pin. 


1 


0x9C 


FreqAnaCoiimlnc 


20 


0x0000 
0 


Frequency Analyser counter Increment amount 
f=br each dock cyde no edge is detected on the 
selected input pin the accumlator Is Incrementod 
by this amount. 




Miscellaneous 


1 


OxAO 


InterruptSrcSelect 


14 


0x000 


Interrupt source select 1 bit per GPIO pin. 
Determines whether the interrupt source is 
direct form the input pin or the deglitched ver- 
sion 

1 - Input pin direct 
0 - Deglitched input pin 


1 


0xA4 


DebugSelect 


6 


0x00 


Debug address select Indicates the address of 
the register to report on the gpio^cpu^data bus 
when it is not otherwise l>eing used. 


1 1 


0xA8-0xAC 


MotorMasterCount 


2x16 


0x0000 


Motor master dock counter values. 
Bus 0 - Master dock count 0 
Bus 1 - Master dock count 1 
Read Only registers 
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13. 10. 2. 1 Supervisor and user mode access 

The configuration registers block examines the CPU access type (cpu^acode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the GPIO will issue a bus error by asseiting the gpiojcpujberr signal. 

Access to the CpuIODirection, CpuIOOut, CpuIOIn and CpuIOInDeglitch is filtered by the CpuIOUser- 
ModeMask and CpuIOSuperModeMask registers. Each bit masks access to the corresponding bits in the 
Cpu/O* registers for each mode, with CpuIOUserModeMask filtering user data mode access and CpuIO- 
SuperModeMask filtering supervisor data mode access. 

The addition of the CpuIOSuperModeMask register helps prevent potential conflicts between user and 
supervisor code read modify write operations. For example a conflict could exist if the user code is inter- 
rupted during a read modify write operation by a supervisor ISR which also modifies the CpuIO* registers. 

An attempt to write to a disabled bit in user or supervisor mode will be ignored, and an attempt to read a 
disabled bit returns zero. If there are no user mode enabled bits then access is not allowed in user mode 
and a bus error will result Similarly for supervisor mode. 

When writing to the CpuIOOut register, bits 29 to 16 are used to mask the write to the CpuIOOut f 1 3:0J. If 
the mask bit is zero the write is active to corresponding CpuIOOut pin, otherwise the write to that pin is 
ignored. 

The pseudocode for determining access to the CpuJODirection register is shown below. Similar code could 
be shown for die CpuIOOut^ CpuIOIn and CpuIOInD^litch registers. 

if (cpu.ocode == SUPBRVI50R_PATAJH0DE) then 
// supervisor mode 

if (CpuX0SuperModeMa8k[13:0) «i= 0 ) then 

// access is denied* and tms error 

gpio_cpu_berr - 1 
els if (cpu^rwn 1) then 

// read mode 

gpio_cpu_dataC13:0) = ( CpuIOOut (13 :0} & CpuIOSuperModeHaak(13: 0] } 
else 

// vnrite mode, filtered by mask! 

masktl3:0j = - (cpu_dataout (29 : 16) ) & CpuI0SuperModeMask(13 :0) 

CpuIOOut (13; 03 = (( cpu^dataout[13:0) & mask[13:0] ) | 
( CpuIOOut (13:0) & -(mask(13:0]]))) 
elsif (cpu^acode =» USERjaATAJBfODE) then 
// user datamode 

if (CpuIOUserModeMask ( 13 :0) »= 0 )' then 

// access is denied, and bus error 

flpio_cpu_berr = 1 
elsif <cpu_r\m == 1) then 

// read mode, filtered by mask ^ 

gpio_cpu_data = ( CpulOOut {13:0] & CpuIOUserModeMask (13:01) 
else 

// write mode, filtered by mask 

mask(l3:0] = - <cpu_dataout (29 : 16] ) & CpuIOUserModeMask ( 13 ;0) 

CpuIOOut (13:01 = (( cpu_dataout(13:0] & mask(13:01 ) | 
< CpuIOOut (13:0] & -(maskdSiajn)) 

else 

// access is denied, bus error 
gpio_cpxiJbeKX = 1 
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Table 45 details the access modes allowed for registers in the GPIO block. In supervisor mode all registers 
are accessible. In user mode forbidden accesses will result in a bus error {gpio_cpu_berr asserted). 



Table 45. GPIO supervisor and user access modes 













0x00 


OpulOCtTi 


Supervisor data mode only 




0x04 


CpuiOUserModeMask 


Supenrisor data mode only 




0x08 


OpulOSuperModeMask 


Supervisor data rrKXie only 




OxOC 


CpulODirection 


CpuiOUserModeMask and CpulOSi4>erModeMask filtered 




0x10 


CpulOOut 


CpuiOUserModeMask and CpulOSuperModeMask filtered 




0x14 


CpulOln 


CpuiOUserModeMask and CpulOSuperModeMask filtered 




0x18 


CpulOJnDegtftch 


CpuiOUserModeMask and CpulOSuperModeMask lUtered 




0x20-024 


DeGlitchOount(1K)) 


Supervisor data nruxie only 




0x28-20 • 


DeQlttchCrkSrc(1:0] 


Supervisor data mode only 




0x30 


DeGOtchSelect 


Supervisor data mode only 


1 


0x34 


MolorCtrfUserModeEnable 


Supervisor data mode only 


1 


Ox38to0x3C 


MotorMasterClkPertod[1 :0] 


MotorCtrlUserModeEnafoie enat}led 


1 


0x40 


MotorMasterOkSrc 


MotorCtrlUserModeEnable enabled 




0x44 to 0x50 


MotorCtrlHigh[3:0] 


MotorCtHUserModeEnable enabled 




0x54 to 0x60 


MotorCtrlLow[3:03 


MotorCtr1UserMode£nat>le enabled 


1 


0x64 to 0x70 


MotorMasterakSetect[3:0] 


MotoiCtrtUserftAodeEhable enabled 


1 


0x74 


MotorMasterOlockEnable 


MotorCtriUserModeEnable enabled 




0x78 


LEDCtrfUserModeEnabte 


Supervisor data mode only 




0x80 


LEODutySeIect[0] 


LEDCtrtUserModeEnabIe[0) enabled 




0x84 


LEDOutySelect[1] 


LEDOtrlUserModeEnable[1] enabled 




0x74 


LE0DutySelect(2] 


LEDCtf1UserModeEnable[2} enabled 




0x88 


LE0DutySelect(3] 


LEDOtflUserModeEnable[3] enabled 




0x80 


ReqAnaPinSelect 


Supervisor data mode only 


1 


0x90 


FreqAnaRnFormSelecl 


Supervisor data mode only 




0x94 


FreqAnaLastPeriod 


Supervisor data mode only 




0x98 


PreqAnaAveraoe 


Supervisor data mode only 




0x9O 


FreqAnaOountlnc 


Supervisor data mode only 


1 


OxAO 


IrrtemjptSrcSefect 


Supervisor data mode only 


1 


0xA4 


DebugSelect 


Supervisor data mode only 


1 


OxAS-OxAC 


MotorMasterCount 


Supervisor data mode only 
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13.10.3 GPIO partition 
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Figure 43. GPIO partition 



13.10.4 iO control 

The IO control block connects the IO pin drivers to internal signalling based on configured setup registers 
and debug control signals. 

The motor, LED pins» ISI and LSS control logic: 
// motor and led pins 
for <i=0; i<14 ; i++) ( 

if (debug_cntrl[ij =a i) then 

gpio_e{i] » 1 

gpi9-0[i] = debug_data_out [i) 
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cpu_io_tn{i) = gpio_i(i} 
if (cpu_io„ctrlf il == 1) then 

gpio.eti] = cpu_io_dir [ij 

9Pio_o[i) = cpu_io_out [i] 

cpu_io_in[i3 e gpio_i[iJ 
else 

// default control 

if ( i < 4 ) then // motor control pins 

gpio.eCl] « l 

gpio.o[i] = motor^ctr-l (i) 

cpu_io_in[il = srpio_i(i] 
elsif ( i < 8 ) then // LED pins 

gpio.eCi) » 1 

gpio_oriJ « lec3Lctrl[iJ 

cpu_io_in[il = gpio_i[i} 
elsif (i < 10) then // LSS interface cloclc pins 

gpio.e(i} « 1 

gpio.oCi] - lsa_gpio_clkIi-83 

cpu_io_in[i] = gpio_i[i] 
elsif (1 < 12) then // LSS interface data pins 

gplo_eIiJ e lssjgpio_eli-10j 

gpio_o[i] = lss_jgpio^do(i-10] 

l8S_^xo_diCi-10] = gpio_i(i) 
else // I SI interface* pins 

flPio_eIiJ » isi.jgpio_eCi-12J 

gpio_o[i] B isi_gpio„doutfi-12] 

isi_flPio_din[i-12J = gpio_i(i] 

) 

13.10.5 LEO pulse generator 

The pulse generator logic consists of a 7-bit counter that is incremented on a Ijis pulse from the timers 
block (tim^ulse[OJ), The LED control signal is generated from comparing the count value with the con- 
figured duty cycle for the LED {led^duty _jel). 

The logic is given by: 

for (i=0 i<4 ji*+) ( // for each LED pin 
// period divided into 6 segments 
perlod_dlv8 = cntC6:4]; 

if (periodLdivS <= led^duty.sel [il) then 

led^ctrlCil = 1 
else 

led_ctrl[i] « 0 
// in higher half invert the led control 
if <cnt|6] 1) then 

led-CtrlCiJ a - led_ctririj 

> 

// update the counter every lus pulse 
if (tiitupulseCO} e= 1) then 
cnt ++ . 

13.10.6 Motor control 

The motor controller consists of 2 coimters, and 4 phase generator logic blocks, one per motor control pin. 
The counters decrement each time a timing pulse {cnt_en) is received. The counters start the configured 
clock period value {motor _mas_clk^eriod) and decrement to zero. If the counters are enabled (via 
motor_mas_clk_enable), the counters will automatically restart at the configured clock period value, oth- 
erwise they will wait until the counters are re-enabled 
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The timing pulse period is one of pclk, Ifis, lOO^s, 1ms depending on the motor_mas_clk_sel signal. The 
counters are used to derive the phase and duty cycle of the of each motor control pin. 
// decrement logic 
if (cnt_en as i) then 

if < (2na8_cnt == 0> AND (niotor_mas_cl)c_enable == 1>) then 

mas_cnt = inotor_roas_cl)c_period(15: 0} 
elsif ((mas^cnt 0) AND (niotor_jnas_clK_enable 0)) then 

inas_cnc » 0 
else 

mas^cnt — 
else // hold the value 
ina.s_cnt = mas.cnt 



motor_mas_dk_src ■ i 
tim_pu!se(0)- 

tmjnase[2]- 
1- 



motuLmas.c(k..perio<f[0] -7^ 
ino1ar.inas_clK.enable[0] 



motor_ctTl_hfgh - 
motor_ctr1_low • 
■natDr^fnas.clK_8el • 



motor_mas_c(Kj>eriod[l ] ► 
motof_mas.clkjenable(1 ] ^ 




4x1« 



x4 







V V 




Phase 






Generator 









ik 



iiH>tor_ctf1 



^ rnotor.mas.count 



Figure 44. Motor control RTL diagram 

The phase generator block generates the motor control logic based on the selected clock generator 
{motor^mas_clk_;sel) the motor control high transition point {motor^ctrljkigh) and the motor control low 
transition point (motor_ctrUow), There are 4 instances one per motor control pin. 

The logic is given by: 

// select the input counter to use 

if {motor jnas„cllc_sel ~= 1) then 

count = nias_cnt(l] 
else 

count « mas.cntCO} 
// Generate the phase and duty cycle 

if ((mocor_ctrl == 1 ) AND (count == motoric t rl_l ow ) ) then 
motor_ctrl « 0 

elsif ( (motor_ctrl =» 0) AND (count == motor_ctrl_high) ) then 

motor^ctrl = 1 
else 

xnotor^ctrl - motor_ctrl // remain the same 
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13.10.7 Input deglltch 



The input deglitch logic rejects input states of duration less than the configured number of time units 
{deglitch^cnt\ input states of greater duration are reflected on the output cpujiojinjieglitch. The time 
units uscd(either/;c/t Ijis, lOO^s. 1ms) by the deglitch circuit is selected by the </^/ircA_c/t.jrc bus. 

There are 2 possible sets of deglitch_jcnt and deglitch^clkjsrc that can be used to deglitch the input pins. 
The values used are selected by the deglitch^sel signal. 

Each input pin can be used to generate an interrupt. The interrupt can be generated from the raw input sig- 
nal or a deglitched version of the input The interrupt source is selected by the interrupt^srcjselect signal. 

The counter logic is given by 
if ( cpu_io_in 1= cpu^io_in_delay) then 
cnt « deglitcJ\_cnc 

output.en « 0 , • ' 

elsif (cnt ^= 0 ) then 

cnt B cnt 

output_en « 1 
elsif (cnt_en «== 1) then 

cnt — 

output_en = 0 



cpuJo_iin ' 



tim_pu!se(OI- 
llfn_pulsoJlJ- 
timj)ulse[2]- 
1- 



cpu.io^ln.da]ay 



cnt^en 



clegatch_clK.selIO) 
deglitch^dk^se^l] 

dooBtcrucnt(0] 
deglltch.cnl(1] 

degntctusel- 




Counter 
Logic 



< 7^ 



Compare 



4c- 



ouiputjen 



cpu_te_ln_degntch 



cpu^iojn 
intamjpL.8rc_sel — 



gp«o,lcuJfq 



Figure 45. Input de-gfitch RTL diagram 



13.10.8 Frequency Analyser 

The frequency analyzer block monitors a selected input pin (selected by FreqAnaPinSelect and FreqAnaP- 
inFormSel) and detects positive edges. Between successive positive edges detected on the input pin it 
increments a coimter by a programmed amount (FreqAnaCountfnc) on each clock cycle. When a positive 
edge is detected the FreqAnaLastPeriod register is updated with the top 16 bits of the counter and the 
counter is reset. The frequency analyser also maintains a running average of the FreqAnaLastPeriod regis- 
ter. Each time a positve edge is detected on the input pin the FreqAnaAverage register is updated with the 
new calculated FreqAnaLastPeriod, The average is calculated as 7/8 the current value plus 1/8 of the new 
value. Both the FreqAnaLastPeriod and FreqAnaAverage registers can be written to by the CPU. 



The pseudocode is given by 

if ({pin == 1) AND pin_delay «»0 ) ) then 
£req_ana.lastperiod = count [31: 16] 
f req_ana_average = f req„ana_average 



// positive edge detected 
• freci_ana_average/8 + £reQ_ana_lastperiod/8 
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count s 0 
else 

count - count + freq_ana_count_inc 
// implement the configuration register write 
if (wr_last_en 1) then 

freq_ana_lastperiod = wr_data 
el a if {wr_average_en sss= i ) then 

f re<L_ana_average = wr_data 



cpu.lo Jrt_degiitcti( 1 3:0| 
cpu_k>.in(13:0] 



froq_ana_pln_tonn_88l - 
lreq_ana_pirusel(3:0] - 



-7^ < pln.,daraY ^ 



wrjdataCl5.D) — ^ 
wr_laat.en 



freq.ana_oounUnc - 



20 



Andyser Logic 





16 

> 


J 


► 






16 

> 


J 


► 






count 








32 

> 


J 


► 



Figure 46. Frequency analyser RTL diagram 



fFeq_ana_Uist_period[t5.'0] 



freajana.average[1 5:0] 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



^ Nov 2002 
Page 151 



SoPEC : Hardware Design 



14 Interrupt Controller Unit (ICU) 

The interrupt controUer accepts up to N input intermpt sources, determines their priority, arbitrates based 
on the highest priority and generates an intermpt request to the CPU. The ICU complies with the interrupt 
acknowledge protocol of the CPU. Once the CPU accepts an interrupt (i.e. processing of its service routine 
begins) the interrupt controller will assert the next arbitrated interrupt if one is pending. 

Each intermpt source has a fixed vector number N, and an associated configuration register, IntReg[N]. 
The format of the IntR^[NJ register is shown in Table 46 below. 



Table 46. ;ntReg[N] register format 









Priority 


7:0 


Interrupt priority 


Type 


9:8 


Determines the triggering conditions tor the Intiarrupt 
00- Po^tiveedge 
10- Negative edge 
01 • Positive level 
1 1 * Negative level 


Mask 


10 


Mask bit. 

1 - interrupts from this source are enabled, 
0 - Interrupts from this source are disatried. 

Note that there may be additional masks in operation at the source of the 
interrupt 


Reserved 


31:11 


Reserved. Write as 0. 



Once an interrupt is received the interrupt controller detennines the priority and maps the programmed pri- 
ority to the available CPU priority levels, and then issues an interrupt to the CPU. The mapping of pro- 
grammed priority to native interrupt levels will be fixed, and is dependent on CPU choice. 

For example for the LEON CPU there are 15 levels available which would allow 16 sub-priorities per level 
(as each level is in itself a priority). In this case priorities 255-240 mq> to level 15, 240-224 to level 14 and 
so on, with priorities 15-0 corresponding to level 0, Level 0 is no interrupt Level 15 is the highest interrupt 
level 



14.1 INTERRUPT PREEMPTION 

There are two types of pre-emption possible: standard LEON pre-emption and SoPEC pending pre-emp- 
tion. With standard LEON pre-emption an inteirupt can only be pre-empted by an interrupt with a higher 
priority level. If an interrupt with the same priority level (1 to 15) as the intenupt being serviced becomes 
pending then it is not acknowledged until the current service routine has completed. The SoPEC pending 
pre-emption is an extension of the standard LEON schane which is made possible by the programmable 
priority levels in the IntRegfN] register. 

Interrupts with a higher sub-priority will pre-empt interrupts with a lower sub-priority but the same prior- 
ity level mapping, if the interrupt has not been acknowledged by the CPU i.e. it is still pending. If an inter- 
rupt with a higher sub-priority arrives while an interrupt with a lower sub-priority at the same level is 
being serviced then it will not be serviced until the lower sub-priority service routine has completed. 

Thus when pre-emption is required, interrupts should be programmed to different levels as interrupt prior- 
ities of the same level have no guaranteed servicing order. 

The interrupt is directly acknowledged by the CPU and the ICU automatically clears the pending bit of 
acknowledged interrupts. 
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All interrupt controller registers are only accessible in supervisor data mode. If the user code wishes to 
mask an intemipt it must request this from the supervisor and the supervisor software will resolve user 
access levels. 



14.2 Interrupt sources 

The mapping of interrupt sources to interrupt vectors (and therefore IntReg[N] registers) is shown i: 
Table 47 below. Please refer to the appropriate section of this specification for more details of the interrup 
sources. 



Table 47. Interrupt sources vector table 



wmm. 






0 


Timers 


Watch Dog Timer Update request 


1 


Timers 


Generic Timer 1 interrupt 


2 


Timers 


Generic Timer 2 interrupt 


3 


Timers 


Generic Tinrwr 3 Interrupt 


4-17 


GPtO 


GPIO general Interrupt, source pin 0 -13 


18 


MMU 


MMU Security violation 


19 


SCB 


USB fntcrnjpt 


20 


SCB 


ISI interrupt 


21 


SCB 


DMA interrupt 


22 


LSS 


LSS interrupt, LSS interfece 0 intemipt request 


23 


LSS 


LSS interrupt LSS Interface 1 interrupt reque^ 


24 


PCU 


PEP Sub-system Interrupt- CDU finished band 


25 


PCU 


PEP Sub-system Interrupt- CDU error 


26 


PCU 


PEP Sub-system Intenrupt- LBD finished band 


27 


PCU 


PEP Sut>-8y8tem Interrupt- TE finished Iwrnd 


28 


PCU 


PEP Sub-system Intemjpt- PCU finished band 


29 


PCU 


PEP Sut>-8ystem Interrupt- PCU Invalid address interrupt 


30 


PCU 


PEP Sub-system Interrupt- PHI Buffer undemin 


31 


PCU 


PEP Sub-system interrupt- PHI Page finished 


32 


PCU 


PEP Sub-system Interrupt- PHI Print ready 


33 


PHI 


PEP Sub-system Intermpt- PHI Line Sync interrupt 
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14.3 Implementation 

14.3.1 Definitions of I/O 



Table 48. Interrupt Controller Unit I/O definition 







crocks and Resets 


pdk 


1 


In 


System Clock 


pfst_n 


1 


In 


System reset, synchronous active low 


CPU Interface 


cpu_adrf7*^J 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space for the ICU block 


cpu.clataoui(3l .-0) 


32 


In 


Shared wiite data bus from the CPU 


fco_cpu_data(31,-0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read^not-write signal from the CPU 


cpu.icu_8el 


1 


In 


Block select from the CPU. When cpu^icu^sel is high both 
cpu_adSr and cpu_dataoutare valid 




1 


Out 


Ready signal to the CPU. When icu^cpu_idy\s high it indi- 
cates the last cyde of the access. For a write cyde this 
means qpu.c/ataocithas been registered by the ICU bkxrk 
and fDf a read cyde this means the data on icujcpujctata Is 
valid. 


•cu_cpu_never[3:0] 


4 


Out 


Indicates the priority level of the current active Interrupt. 


cpu^iack 


1 


Out 


Interrupt request acknowledge from the LEON core. 


cpu_lcujlevel(3:0) 


4 


In 


Interrupt acknowledged level from (he LEON core 


Icujcpu.berr 


1 


Out 


Bus error signal to the CPU tndkaiting an invalid access. 


cpu_acode[1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 • User program access 

01 - User data access 

10 - Supervisor program access 

11 * Supervisor data access 


icu.cpu_debug_valid 




Out 


Debug Data valid on Icujcpu^data bus. Active high 


Interrupts 


tlm_lcu_wdjrq 




In 


Watchdog timer interrupt signal from the Timers block 


tinriJcujKit2,'0] 




In 


Generic timer interrupt signals from the Timers block 


Qpk>_icujrq[13:0) 


14 


In 


GPIO pin Interrupts 


mfnu_icujrq 




rn 


Memory Management Unit Interrupt 


usb_icujrq 




In 


USB interrupt from the SCB 


Isijcujrq 




In 


ISl interrupt from the SCB 


dmajcujiq 




In 


DMA interrupt from the SCB 


Iss^tcu Jrqfl X)J 




In 


LSS interface interrupt request 


odu_fihishedband 




In 


Finished band Intenxipt request from the CDU 


cxiujcujpegerror 




In 


JPEO error interrupt from the CDU 


(bd.finishedband 




In 


Rnished band interrupt request from the LBD 


te^fjnlshedband 




In 


Finished bar>d interrupt request from the TE 


pcu_finfshedbafid 




In 


Finished band Interrupt request from the PCU 


pcujcu.addressjnvalid 




In 


Invalkl address interrupt request from the PCU 
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Table 48. Interrupt Controller Unit I/O definition 











phiJcu_undefTun 


1 


fn 


Buffer underrun interrupt request from the PHI 


pWJcu_paoe_flnish 


1 


In 


Page finished Interrupt request from the PHI 


phLicu_prifH_rdy 


1 


(n 


Print ready intemipt request from the PHI 


phLteuJinesyncJnt 


1 


In 


Line sync Interrupt request from the PHI 



14.3.2 Configuration registers 

The configuration registers in the ICU are programmed via the CPU interface. Refer to section 1 1,4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the ICU. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the ICU. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of icu^cu^data. Table 49 Usts the configuration registers in the ICU block. 

The ICU block will only allow supervisor data mode accesses (i.e. cpu_acodefI:OJ - 
SUPERVISOR^DATA), All other accesses will result in icu^cpujberr being asserted 



Table 49. fCU Register Wiap 



1 












0x00 - 0x84 


lntRegI33:0] 


34x11 


0x000 


Interrupt vector configuration register 


1 


0x88-0x8C 


IntQearlL-O] 


2x32 


0x0000 
_0000 


Interrupt perufing clear register. If written with a one 
ft clears corresponding interrupt 
lntClear(0) - Interrupts sources 31 to 0 
lntClear{1] - Interrupts source 33 to 32 


1 


0x90-0x94 


intPendingfliO] 


2x32 


0x0000 
.0000 


Intemipt pending register (Read Only) 
intPending(0] - Interrupts sources 31 to 0 
lntPendtng[1 j - Interrupts source 33 to 32 


1 


0x98 


IntSource 


6 


0x00 


Indicates the interrupt source of the current winning 
active interrupt. (Read Only) 




0x9C 


DebugSelect 


6 


0x00 


Debug address select Indicates the address of the 
register to report on the icu^cpujdata bus when it 
is not otheiwise being used. 
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14.3.3 ICU partition 



tlmjcu^wd.. 
llm_lcujrq|2: 
gpio_icuJrqI13: 
mfnu_teujrq 
usb.icu irq 
teLlcuJrq 
dma^icujrq 
lssjcujrq[1:01 
cdu.finishedbafxi 
oduJcvJpegenoT 
Ibd.finishedband 
to.finishedbend 
pcu.fiitishedtand 
pcu_icu_eddress_1nvalid 
phLteu_page_flnIsh 
P*^Ucu_prlnCfdy 
phLicu_undemjn 
pM_icuJino5ync.Int 



lnt_sfc 34 ^ 



X34 



Interrupt 
detect 



y ^34x1 2 



CP"Jnt_cteaf 



<rtt src 



Configuration 
registers 



i 



>^2 



CPU 



(nterrupt 
arbfter 



I 
t T 



Intemipt 
controtler 



Figure 47. ICU partition 



14.3.4 Interrupt detect 



The ICU contains multiple instances of the interrupt detect block, one per interrupt source. The interrupt 
detect block examines the intemipt source signal, and determines whether it should generate request pend- 
ing {impend) based on the configured intemipt type and the intemipt source conditions, if the intemipt is 
not masked the interrupt will be reflected to the interrupt arbiter via the int^acHve signal. Once an interrupt 
is pending it remains pending until the interrupt is acc^ted by the CPU or it is level sensitive and gets 
removed Masking a pending intemipt has the effect of removing the internist from arbitration but the 
interrupt Mrill still remain pending. 

When the CPU accepts the intemipt (using the normal ISR mechanism), the interrupt controller automati- 
cally generates an intemipt clear for that intemipt source {cpujnt_clear). Alternatively if the interrupt is 
masked, the CPU can detennine pending interrupts by polling the FntPending registers. Any active pending 
interrupts can be cleared by the CPU without using an ISR via die IntClear registers. 

The logic is shown below: 

mask a int^config[10] 

type = int_configE9:8] 

int^priority = int_conf igC7 :03 

int_pend = last_int_pend // the last pending interrupt 

// update the pending ff * 
if ((int_clear == 1 )OR {cpu_int_cleare=:l) ) then 
int^end = 0 

// test for interrupt condition 

if ((type =«= NEG_LEVEL ) AND (int_src == 0) then 
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i3 



int_pend = 1 
elsif ((type == POS.LEVEL) and (int_src == 1) 
int_pend = 1 

elsif ((type NEG^EDGE ) AND (int_src == 1) AND {last_int_src «=: 0)) 
int_pend =1 ^ ' 

elsif ((type POS^EDGE ) AND (int_src == 0) AND (last_int_src == m 
int^end » 1 

else 

int_pend = last_int_src // stay the same as before 
// mask the pending bit 
if (mask as i) then 

int_active int_pend 
else 

int_active = 0 
// assign the registers 
last^int^src »= int_src 
la8t.int_pend =« int^end 

14.3.5 Interrupt arbiter 

The intemipt arbiter logic arbitrates a winning internet request from multiple pending requests based on 
configured priority. It generates the interrupt to the CPU by setting icu^cpujlevel to a non-zero value. The 
pnonty of the intemipt is reflected by the value assigned to icu_f^ujlevel, the higher the value the higher 
the priority, 1 5 being the highest. The current winning intemipt and is reported to the CPU via die IntSrc 
register generated in the interrupt arbiter block. 

// arbitrate based pn priority 
if (arb_enable 1 ) then 

// arbitrate with the current winner 
win_int_priority = 0 
int^src = 0 

int_request = 0 

for (ift0;i<34;i*^+) { 

if { int_acti ve ( i J 1) chen { 

if (int_priority(i) > win^intjpriority ) then 
win_int_priority » int_priority [i) 
int^src sr i 

int_request s x 

> 

} 

> 

// assign the CPU interrupt level 
int^ilevel * int_priority[int_8rcl 
) 



1 4.3.6 Interrupt controiter 



The intemipt controller is responsible for generating the intenupt to the CPU, accepting the interrupt 
acknowledge from the CPU and clearing the interrupt source pending bit 
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The exact procedure is CPU dependent, but examples are given for the LEON processor. See section 1 1.9 
on page 98 for a complete description of the interrupt handling procedure. 



<: 



Reset 



c 



ait.enable = 1 



im requftst^j. 



)icu_ci 
art>_e 



IntPend icu_cpu^llevoJ =lnt.«e«el 
"**• .enable = 1 



CPU togk=1 AND 
CPU feu HflttfeT 



iiGU-£SIL 



IntClear 



J art)_< 



cpuJnudeai(Inc^)Bi 
.enabtocO 



Machine remains fn same state by default 
AO outputs are zero unless otherwise stated 

State Description: 

Reset : Normal reset state 

IntPend: Interrupt pending, waiting for CPU acknowledge 

IntClear Intenupt dear, dear the pending bit for the 
current interrupt vector 



Figure 48. Interrupt controller state diagram 

After reset the interrupt controller remains in the Reset state until the interrupt arbiter indicates that there is 
an active interrupt pending {int^equest equal 1). The state machine goes to the IntPend state and signals to 
the CPU that an interrupt is pending. The machine will remain in the IntPend state until the interrupt is 
acknowledged by the CPU or the pending inteiiupt condition is removed. 

When the intciii^t is acknowledged the state machine goes to the IntClear state to clear the pending bit of 
Ac interrupt source. 

On completion Uie state machine returns to the Reset state and again waits for the next pending interrupt 
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15 Timers Block (TIM) 



The Timers block contains general purpose timers, a watchdog timer and timing pulse generator for use in 
other sections of SoPEC. 



1 5.1 Watchdog timer 



The watchdog timer is a 32 bit counter value which counts down each time a timing pulse is received. The 
period of the timing pulse is selected by the WaichDogUnitSel register. The value at any time can be read 
from the WatchDogTimer register and the counter can be reset by writing a non-zero value to the register. 
Should the counter reach 1, a system wide reset will be triggered as if the reset came from a hardware pin. 

The watchdog timer can be polled by the CPU and reset each time it gets close to 1» or alternatively a 
threshold {WatchDoglntThres) can be set to trigger an interrupt for the watchdog timer to be serviced by 
the CPU. This interxi^t can be effectively masked by setting the threshold to zero. The watchdog timer can 
be disabled, without causing a reset, by writing zero to the WatchDogTimer register. 



1 5-2 Timing pulse generator 



The timing block contains a timing pulse generator clocked by the system clock, \ised to generate timing 
pulses of l|is, 100|jis and 10ms. Each pulse is of one system clock duration and is active high, with the 
pulse period accurate to the system clock frequency. 

The timing pulse generator also contains a 64-bit free running counters that can be read or reset by access- 
ing the FyeeRunCcunt register. 



15.3 Generic timers 



SoPEC contains 3 prognunmable generic timing counters, for use by the CPU to time the systenL The tim- 
ers are progranmied to a particular value and count down each time a timing pulse is received. If a particu- 
lar timer decrements to 0, then an interrupt is generated. The counter can be programmed to automatically 
restart the count, or wait until re-programmed by the CPU. At any time the status of the counter can be 
read from GenCntValue, or can be reset by writing to GenCntValue register. The auto- restart is activated 
by setting the CenCntAuto register, when activated the counter restarts at GenCntStartValue. A counter 
can be stopped or started at any time, without affecting the contents of the GenCntValue register, by writ- 
ing a 1 or 0 to the relevrat GenCntEnable register. 
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15.4 Implementation 

15.4.1 Definitions of I/O 



Table 50. Timers block I/O defirtlUon 







Clocks and Resets 


pcTk 


1 


In 


System Clock 


pret_n 


1 


In 


System reset, synchronous active low 


tim_pulse(2:0] 


3 


Out 


Timers btock generated timing pulses, each one pdk wide 

0 • 1 fXs pulse 

1 - 100 lis pulse 

2 - 10ms pulse 


CPU Interface 


cpu_adrf6:2) 


5 


in 


CPU address bus. Only 5 bits are required to decode the 
address space for the ICU block 


cpu.dataout(31 K3] 


32 


In 


Shared write data bus from the CPU 


tim.cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_fwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_lim_se! 


1 


In 


Biock select from the CPU. When cpu_tfm_sa/ is high both 
cp«_^drand cptLdataoutare vaPid 


tim_cpu_fdy 


1 


Out 


Ready signal to the CPU. When tlm_cpu_rdy is high it Indi- 
cates the last cyde of the access. For a write cyde this 
means cfHijdataout has been registered by the TIM btock 
and for a read cycle this means the data on t/mjcpuj[iata is 
vatld. 


tlfn^cpu^berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu.acode(1K)J 


2 


In 


CPU Access Code signals. These decode as foltows: 

00 - User program access 

01 • User data access 

10 . Supervisor program access 

1 1 • Supervisor data access 


tinucpu^debug^valid 


1 


Out 


Oetxjg Data valkl on timjcgnsjiata bus. Active high 


Miscellaneous 


tiin„lcu_wdjfq 


1 


Out 


Watchdog timer interrupt signal to the ICU bk>ck 


tim_lcu_lrq[2:0] 


3 


Out 


Generic timer interrupt signals to the ICU trfock 


tim_cpr_reset_n 


1 


Out 


Watch dog timer system reset. 
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15.4.2 Timers sub-block fiartition 



CPU 





cou tim sel 







cou.dataout 


► 








4- 
4 


tlm„cpu_data 






cpo_fwn 






cou acode 


► 




tiin_cpu_berr 




4- 
4 


tim CDu debuQ valid 



c 
o 

S 

g> 

8 



Jree_nin_cnt 






lree_run_data 






free_run_wen 






free^run adr 









. wdofl unit sel 




— r 




wdog_wen 


— r 






wdoa tim data 




— ► 


4 


wdoa tfm cnt 




— > 



Timing pulse 
generator 



oon tfm en 



gen flutQ 



■joen iiPtt set 



gen tim_dota 



gen_tim_cnt 



gen_tim_cnt_st_valu8 ^ 



-> tifru>ulse[2:0] 



Watchdog 
timer 



lim.cpr^raseLn 



Generic 
ttmers 



>>tifn.lcu.ifq[2:0] 



Figure 49. Timers sub-block partition diagram 



1 5.4.3 Watchdog timer 



The watchdog timer counts down from pre-programmed value, and generates a system wide reset when 
equal to one. When the counter passes a pre-programmed threshold {wdog_timjthres) value an interrupt is 
generated (tmJicu_wd^Mrq) requesting ^e CPU to update the counter. Setting the counter to zero disables 
the watchdog reset. In supervisor mode the watchdog counter can be written to or read from at any tune, in 
user mode access is denied Any accesses in user mode will generate a bus error. 

2, 

wdog_un!c«el— — ^ 

tbiupulsep}] -J^ 
tiin_pul$e(1] 
tim_puise|2] 
1 



wdog^wen 
wdog_tim_data 




tim_lcu_wd Jrq 
tJnrucpr.resacn 
^ wdog.tifn^cnt 



Figure 50. Watchdog timer RTL diagram 



The counter logic is given by 
if (wdog_wen == 1) then 

wdog_tiiiL.cnt « wdog.tisudata // load new data 
elsi£ ( wdog_tiaucnt == 0> then 

wdog.tlnucnt « wdog^t iitL.cn t // count disabled 
elsif ( cnt_en 1 ) then 
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wdog_tin»_cnt — 
else 

wdog_tim_cnt = wdog_tinucnt 
The timer decode logic is 

if (( wdog^tinucnt wdog_tinuthres> AND (wdog^tinucnt != 0 ) ) then 

tinuicu^wd^irq » 1 
else 

tinuicu_wdLirq ■ 0 
// reset generator logic 
if <wdog_t indent == 1) then 

tinucpr_reset_n = 0 
else 

tiaucpr_reset_n = 1 



1 5.4.4 Generic timers 



The generic timers block consists of 3 identical counters. A timer is set to a pre-configured value (GenCnt- 
StartValue) and counts down once per selected timing pulse (gen_unU ^et). The timer can be enabled or 
disabled at any time {genjtimjzn), when disabled the counter is stopped but not cleared. The timer can be 
set to automatically restart (gen^tim_aut6) after it hits zero. In supervisor mode a timer can be written to or 
read from at any time, in user mode access is determined by the GenCntUserModeEnable register settings. 

tlmjMlSd{Q] 

tini_pul&e|2] 
1 

gea_tim_cnC8t.value 
geruwen 

g«n.tifn_data — m Logic uecoce I » ^Jcujrq 

gen_tifn_en 

■ ' ► aen_tinueRt 

Figure 51. Generic timer RTL diagram 

The counter logic is given by 
if (gen_wen 1) then 

'gen_tim_cnt = gen_tinL_data 
elsif (( cnt_en == 1 )AND (gen_tim_en — 1 )) then 
if ( gen_tinucnt == 0) then // counter may n 




if (gen^tinuauto »« l) then 

gen_tiia_cnt = gen_tinL.cnt_st_value 
else 

genL_tinL_cnt « gen_tini_cnt 

else 

gen^t iji\_cnt — 

else 

gen_tim_cnt = gen_t indent 

The decode logic is 

if (gen_tiin_cnt == 1) then 

t:inv^icu_ir<3 - 1 
else 

tiin_icu_irq = 0 



// counter may need re-starting 
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1 5.4.5 Timing pulse generator 



The timing pulse generator contains a general free running 64-bit timer and 3 timing pulse generators pro- 
ducing timing pulses of one cycle duration with a period of Ijis, lOO^is and 1ms. In supervisor mode the 
free running timer register can be written to or read from at any time, in user mode access is denied The 
status of each of the l^s, lOO^s and Ims timer can be read by accessing the UmerPulseStatus xegisteis. 
Any accesses in user mode will result in a bus error. The status of each of the l^s, lOO^s and 1ms timer 
can be read by accessing the UmerPulseStatus register in supexvisor mode. 



Free Run Timer 



free_f un_wen - 



frea.run.dala ^ ► 

fre6_rurL.adr ► 




freo_mn_cnt 



1us Timer 



Decrement 
Logic lus 



100US Tfm sr 



pUl$9_tUS • 



Decrement 
Logic lOOus 



putse.YOOus • 



Decrement 
Logic 10ms 



1 0ms Time 





Compare 



Compare 



pulse_100u^ 



tlm.j>ufse[1] 



Compare 



» tlin_puise{2| 



tim4)ulse{2:0}- 

Figure 52. Pulse generator RTL diagram 



15.4,5.1 Free Run Timer 

The increment logic block increments the timer count on each clock cycle. The counter wraps around to 
zero and continues incrementing if overflow occurs. When the timing register (FreeRunCount) is written 
to, the configuration registers block will set the free_run_wen high for a clock cycle and the value on 
free_runjdata will become the new count value, for the 32 bits selected by the free_run_fuir signal. If 
Jree_run_adr is 1 the higher 32 bits of the counter will be written to, otherwise the lower 32 bits are writ- 
ten to. It is the responsibility of software to handle these writes in a sensible manner. 

The increment logic is given by 

if (f ree_run_won == 1) then 
if ( free.run^adr == 1} then 

f ree_njii_cnt (63:32] = f ree^run.da ta 
. else 

free_ruix„cnt[31:0) « f reo_run_data 

else 
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free_run_cnt ♦+ 



15.4,5.2 Pu!se Timers 



The pulse timer logic generates timing pulses of 1 clock cycle length and period of 1^, 100(xs and 1ms, 

The logic for the 1 |is timer is given by: 

// lus generator 

if (pulBe_lus_cnt =~ 0 ) then 

pulse_lus_cnt = 159 

pulse_lu9 = 1 
else 

pulse_lus_cnt — 
pulse.lus s 0 

The logic for lOO^s timer is given by: 
// lOOus generator 

if ( <pulse_100us_cnt == 0 > AND (pulse_lus «o 1)> then 

pulse_100us_cnt = 99 

pulse^lOOus = 1 

els if {pulse_lus == 1) then 

pulse_100us_cnt — 

pulse.IOOus = 0 

else 

pulse_100us_cnt — 
pulse.lOOus ~ 0 

The logic for the 10ms timer is given by: 
// lOms generator 

if ( (pulse.lOms^cnt ~- 0 > AND (pulse_100us »- 1) ) then 

pulse_lOias.cn t = 99 

pulse.lOzos = 1 

elsif (pulse.lOOus 1) then 

pul8e_X0ms_cnt — 

pulse^lOms t* 0 
else 

pulse.lOms.cnt — 
pulse.lOms - o 



The configuration registers in the TIM are programmed via the CPU interface. Refer to section II. 4.3 on 
page 70.for a description of the protocol and timing diagrams for reading and writing registers in the TIM. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the TIM, 



1 5.4.6 Configuration registers 
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When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of tim^cu^data. Table 51 lists the configuration registers in the TIM block . 



Tabic 51. Timers Register Map 













0x00 


WatchDogUnitSel 


3 


0x0 


Specifies the units used tof the watchdog 
timer: 

0 - 1 }is pulse 

1 - 100 (iS pulse 

2 • 10 ma putse 

3-pd!;c 


0x04 


WatchDogTlmer 


32 


OxFFFF 
_FFFF 


Specifies the number of units to count before 
watchdog timer triggers. 


0x08 


WatchDoglntThres 


32 


0x0000 
^0000 


Specffies the threshold value below which (he 
watchdog ^mer Issues an intenrupt 


OxOC-OxlO 


ReeRunCount(1 X)] 


2x32 


0x0000 
_0000 


Direct access to the free running counter reg- 
ister. 

Bus 0 - Access to bits 31-0 
Bus 1 - Access to bits 63-32 


OxUtoOxlC 


GenCntStartVaIue[2.^} 


3x32 


0x0000 
_0000 


Generic timer counter start value, number of 

unit** to fifktjnf hpfnrA m/Arxt 


0x20 to 0x28 


GenCnfValue(2:0] 


3x32 


0x0000 
,0000 


Direct access to generic timer counter regis- 
ters 


OXZO to 0X34 


QenCntUnitSei[2:0] 


3x2 


0x0 


Generic counter unit select. Selects ttie timing 
units used with con-esponding counter 

0 • 1 ^ pulse 

1 - 1 00 lis pulse 

2 - 10 ms purse 
3'pc(k 


0x38 to 0x40 


QenCntAuto[2:0] 


3x1 


0x0 


Generic counter auto re-start select When 
high timer automatically restarts, otherwise 
timer stops. 


0x44 to 0x4C 


GenCntEnable[2X>} 


3x1 


0x0 


Generic counter enable. 

0 - Counter disabled 

1 - Counter enat>fed 


OxSO 


GenCntUserModeEnable 


3 


0x0 


User Mode Access enatde to generic timer 
oonfiguration register. When 1 user access is 
enabled. 

Bit 0 - Generic timer 0 
Bit 1 - Generic timer 1 
Bit 2 - Generic timer 2 


0x54 


OebugSelect 


6 


0x00 


Debug address select. Indicates the address 
of the register to report on the tim_cpu_data 
bus when it is not otherwise being used. 


Read Only Registers 


0x58 


PulseTImerStatus 


24 


0x00 


Current pulse timer values, and pulses 

6:0 - 1 us timer count 

7 - 1 us pulse 

14:8 - lOOus timer count 

15 -lOOus pulse 

22:18- 10ms timer count 

23 - 10 ms pulse 
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15.4.6. i Supervisor and user mode access 

The configuration registers block examines the CPU access type {cpu_acode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the block will issue a bus error by asserting the tim^cpujberr signal. 

The timers block is fully accessible in supervisor data mode, all registers can written to and read from. In 
user mode access is denied to all registers in the block except for the generic timer configuration registers 
that are granted user data access. User data access for a generic timer is granted by setting corresponding 
bit in the GenCntUserModeEnable register. This can only be changed in supervisor data mode. If a partic- 
ular timer is granted user data access then all registers for configuring that timer wUl be accessible. For 
example if timer 0 is granted user data access the GenCntStart Value fOJ, GenCntUnitSelfOJ, GenCn- 
tAuto[0], GenCntEnable[0] and GenCnf Value fOJ registers can all be written to and read from without any 
restriction. 

Attempts to access a user data mode disabled timer configuration register will result in a bus error. 

Table 52 details the access modes allowed for registers in the TIM block. In supervisor data mode all reg- 
isters are accessable. All forbidden accesses will result in a bus error (tim^cpujberr asserted). 



Table 52. TIM supervisor and user access modes 









0x00 


WatchOogUnltSel 


Supervisor data mode only 


0x04 


WatchOogTlmar 


Supervisor data mode only 


oxoa 


Watch Dog 1 nfThres 


Supervisor data mode only 


OxOC-OxtO 


FireeRunCount 


Supervisor data mode only 


0x14 


GenCntStartValue[0] 


GenCntUserModeEnabfe(0] 


0x18 


GenCntStartValue[11 


GenCntUserModeEhabtefl] 


0x1 C 


GeffiCntStartValue[2] 


GenCntUserModeEnable[2] 


0x20 


GenCntValue[0) 


GenCntUserMode£nable(0] 


0x24 


GenCntVaJue[1] 


GenCntUserModeEhaUen] 


0x28 


GenCntValue[2] 


GenCntUserModeEnable[2] 


0x2C 


GenCnlUnitSe{[0] 


GenCntUserMode Enabre[0) 


0x30 


GenCntUnitSelll] 


GenCntUserModeEnablell ] 


0x34 


GenCntUnltSelig 


GenCntUserMode Enahle[2] 


0x38 


GenCntAuto[0] 


GenCntUserMode EnablefO) 


0x3C 


GenCntAuto[1] 


GenCntUserMode Enable[1 3 


0x40 


GenCntAuto(2] 


G enCntUserModeEnafaie{2) 


0x44 


GenCnt£nabte[OJ 


GenCntUserMode Enable[0] 


0x48 


GenCntEnable[1J 


GenCntUserModeEhable[1 ] 


0x4C 


GenCntEnat3le[2] 


GenCntUserModeEnabre{2] 


0x50 


GenCntUserModeEnable 


Supervisor data mode only 


0x54 


DebugSelect 


Supervisor data mode only 


0x58 


PulseTimefStatus 


Supervisor data mode only 
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16 Clocking, Power and Reset (CPR) 

The CPR block provides all of the clock, power enable and reset signals to the SoPEC device. 

1 6.1 POWEROOWN MODES 

The CPR block is capable of powering down certain sections of the SoPEC device. When a section is pow- 
cred down (i.e. put in sleep mode) no state is retained, the CPU must re-initialize the section before it can 
be used again. The exact powerdown mechanism is undefined and is technology dependent. 
For the puipose of powerdown the SoPEC device is divided into sections: 



Table 53. Powerdown sectioning 







Print Engine PipeUne Subsystem 
(Section 0) 


CDU 


CPU 








SFU 




TE 




TFU 




HCU 




ONC 




DWU 




LLU 




PHI 


CPU-DRAM (Section 1) 


DRAM 




CPU/MMU 




DIU 




TIM 




ROM 




LSS tnterface 


Convns Subsystem (Section 2) 


USB 




ISl 




DMA Ctri 




GPIO 




PSS 




ICU 



16.1.1 Sleep mode 

Each section can be put into sleep mode by setting the corresponding bit in the SleepModeEnable register 
To re-enable the section the sleep mode bit needs to be cleared and then the section should be reset by 
writing to the relevant bit in the ResetSection register. Each block within the section should then be re-con- 
figured by tiie CPU. 

I If the CPU system is put into sleep mode, the SoPEC device will remain in sleep mode until a system level 

reset is initiated fi-om the reset pin, or a wakeup reset by the SCB block as a result of activity on either the 
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USB or rSI bus. If all sections are put into sleep mode, then only a system level reset initiated by the reset 
pin will re-activate the SoPEC device. 

Like all software resets in SoPEC the ResetSection register is active-low i.e. a 0 should be written to each 
bit position requiring a reset. The ResetSection register is self-reseting. 




16.2 Reset SOURCE 

The SoPEC device can be reset by a number of sources. When a reset from an internal source is intiated 
the reset source register (ResetSrc) stores the reset source value. This register can then be used by the CPU 
to determine the type of boot sequence required. 

16.3 Clock RELATIONSHIP 

The crystal oscillator excites a 32MHz crystal through the xtalin and xtalout pins. The 32MH2 output is 
used by the PLL to derive the master VCD frequency of 960MHz. The master clock is then divided to pro- 
duce 320MH2 clock (clk320), I6OMH2 clock (clkJ60), IO6MH2 clock (clklOS) and 48MHz {clk48) clock 
sources. 

The phase relationship of each clock from the PLL will be defined The relationship of internal clocks 
clk320, clkJOS, clk48 and clkl60 to xtalin will be undefined The clock tree generation should create inser- 
tion delays so as to compensate for the phase difference of the clocks leaving the PLL. At the ou^ut of the 
clock block, the skew between e^ctipcik domain (pclk^ectionf3:0J and Jclk) should be within skew toler- 
ances of their respective domains (defined as less than the hold time of a D-typc flip flop). 

The skew between doclk and phiclk should also be less than the skew tolerances of their respective 
domains. 

The usbclk is derived from the PLL output and has no relationship with the other clocks in the system and 
is considered asynchronous. 
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There is no skew requirement between the pclk domains and the doclk and phiclk domains, they are con- 
sidered essentially asynchronous to each other. 

1*04ns 



PIX Master Clock 



finMiiinnnnnnrnfuiMJUuii^^ 



dk320 



dodk 



clkieo 



jdk 



ctkl06 



phrdk 



I OkdSOPLLphsso shift 



H dodk inMition ttela/ 



^ ► ! dkieo PLL pfme shift 



1_J — LJ — L 



1 I — L 



iPcJk/Idk insartion delay 



J — I r — I r 



dklOe PLL phasa shift 



H phldk insertion delay 



r — L 



Figure 53. SoPEC dock relationship 



1_ 

I L 



16«4 Implementation 
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16.4.1 Definitions of t/O 

Table 54. CPR I/O definition 



mwmmm< 




S2 




aocks and Resets 


xtalin 


1 


In 


Crystal input, direct from ID pin. 


xtaJout 


1 


Out 


Crystal output, direct to lO pin. 


pdk_section[2:0] 




Out 


System dcx:ks for each section 


phidk ■ 




Out 


Printhead interlace dock (dodk/S) for the PHI bk)ck 


doclk 




Out 


Data out dock (2x pdk) for the PHI block 


fclk 




Out 


Gated versk>n of system dock used to clock the JPEG decoder 
core in the COU 


ust>dk 




Out 


USB dock at 3 times the crystal input frequency, nominally at 46 
Mh2 


Jclk_enable 




In 


Gating signal forjdk. 


reset_n 




In 


Reset signal from the tBseLn pin 


usb_cpr_reset.n 




In 


Reset signal from the USB block 


lsi_cpr_reset_n 




In 


Reset signal from the ISI tilock 


tinucpr„reset_n 




In 


Reset signal from watch dog timer. 


P rst_n_sectiont2:0] 




Out 


System resets for each section, synchronous acth/e fow 


phirst^n 




Out 


Reset for PHI block, synchronous to phictk 


dorst.n 




Out 


Reset for PHI block, synchronous to dodk 


j*rst_n 




Out 


Reset for JPEG decoder core In CDU bfock. synchronous to jdk 


usbrstjn 




Out 


Reset for the USB bfock. synchronous to ustxik 


Test Input 


te8t_clk 




In 


Test dock direct from external pin, for use in production test (scan 
test) 


test_enabJe 




In 


Test enable. Direct from external pin. When high productfon test 
nK>de Is enabled. 


CPU interface 


cpu_adif3*J2] 


2 


In 


CPU address bus. Only 2 bits are required to decode the address 
space for the CPR bfock 


cpu_datB0Ut{31 :0] 


32 


In 


Shared write data tnis from the CPU 


cpr_cpu.data(31 X)] 


32 


Out 


Read data bus to the CPU 


cpu^fwn 


1 


In 


Common readMot-wrlte signal from the CPU. 


cpu.cpr.sel 


1 


In 


Bkx;k select from the CPU. When cpu_Cf>r^sel is high boXk\ 
cpu^^adrandi cpu^dataout are valid 


cpr_cpu_rdy 


1 


Out 


Ready signal to the CPU. When cpr_cpu_fdy i& high it indicates 
the last cyde of the access. For a write cyde this means 
cpu^<iataout has l>een registered by the block and for a read cyde 
this means the data on cprjcpujdata is valid. 


cpr_cpu„berr 


1 


Out 


Bus error signal to the CPU indicating an invaPd access. 


cpu_aoode(1 :0} 


2 


In 


CPU Access Code signals. These decode as folkyws: 

00 - User program access 

01 • User data access 

10 - Supervisor program access 

1 1 * Supervisor data access 


cpr_cpu_debU9_valid 


1 


Out 


DetMjg Data valid on cpr_cpujdata bus. Active high 
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Table 54. CPR I/O definition 











Miscellaneous m-m-Tirr 


pwr.sleep_mode[2:0) 




Out 1 Steep mode section select 





16.4.2 Configuration registers 

The configuration registers in the CPR are programmed via the CPU interface. Refer to section 11.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the CPR. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the CPR. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of cpr^cu^dcua. Table 55 lists the configuration registers in the CPR block. 

The CPR block will only allow supervisor data mode accesses (i.e. cpu_acode[l:0] - 
SUPERVISORJ>ATA ). All other accesses will result in cpr^cpujberr being asserted . 



Table 55. CPR Register Map 













0X00 


Sleep ModeEnabCe 


3 


0x0 


Sleep Mode enable, when high a section of logic 
has Is powerdown. Each bit controfs a section 


0x04 . 


ResetSrc 


4 


0x0^ 


Reset Source register, indicating the souice of 

the last reset 

Bit 0 - External Reset 

Bit 1 - USB wakeup reset 

Bit Z - iSI wakeup reset 

Bit 3 • Watchdog timer reset 


0x08 


ResetSection 


3 


0x7 


Active-low synchionous reset for each section, 
self-resetting. 


OxOC 


OebugSelect 


6 


0x00 


Debug address select tndteates the address of 
the register to report on the cpr^cpu_<Sata bus 
when it Is not othenwise being used. 


PLL Control (Asynchronous reset registers) 


0x10 


PLLTuneeits 


10 


0x23B 


PLL tuning bits 


0x14 


PLLRangeA 


4 


OxF 


PLLOUT A fre<)uency selector (defaults to 
600Mh2to1250Mhz) 


0x18 


PLLRangeB 


3 


0x7 


PLLOLTT B frequency selector (defaults to 
600Mhzto1250Mhz) 


0x1 C 


PLLMuftipDer 


S 


0x25 


PU. multiplier selector, defaults to rBfctkx2Q 



a. Reset value depends on reset source. External reset shown. 
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S3 



16.4.3 CPR Sub-block partition 



tes^enabld- 
tescclk- 



xtalin • 
xtaloul < 
tosUenabJe — 



Clock Generator 



Crystal 
Oscillator 






► 


PLL 







JdKjenable 



pwr.sleep_fnod»^ 



reset_n - 
iiab_cpr_i©set_n - 
isi.cpr^set.n - 
tim_cpr_reseun - 



dk106 



clk320 



dk48 



dklGO 



Gate Enable 
Logic 



/'3 



Qate.dofn 



tesuenabte. 



Reset 
Logic 



4- 



I 



Configuration registers 
A A 



/32 



i 



^32 
S 

rs 
T3 

i 

i 




reset_don^O] 



pWclK— >f 
reset_dom[1] ^ 



reset_domI2| 



pclK_sectton(0) P ' 

reseUclo"<31 ^ 



pclK-section(t] p 

reset_domf41 



pdk_sectlonI21 — p 
reset domfSl ^ 



jdk ► 

xeset,donn{6] 



Ck>ck driver 



CPU 



Figure 54. CPR block partition 
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16.4.4 Sync reset 

The reset synchronizer retimes an asynchronous reset signal to the clock domain that it resets. The circuit 
prevents the inactive edge of reset occurring when the clock is rising 



Pdkf 
reset_dom 



prst_n 



T r 



1 r 



synchfontocf 



reset.dom 




piston 



Figure 55. Reset synchronizer logic 



1 6.4.5 Reset generator logic 



The reset generator logic is used to determine which clock domains should be reset, based on configured 
reset values {reset^ection^n\ the external reset (reset^n), watchdog timer reset {tim_cpr_reset_n) and 
resets from the SCB block {isi_cpr_reset_n, usb^cpr_reset_n). The reset direct from the lO pin {reset^n) is 
S3mchronized and de-glitched before feeding the reset logic. 

Resets from the SCB block reset everything except its own section (section 2), this allows data to be stoicd 
in the PSS block for use after a SCB powerup initiated reset 

Table 56. Reset domains 







reset_ck>m(0} 


doclk domain 


reset^domll] 


phldk domain 


reset_dom[2] 


usbcDc domain 


reseUdbmES] 


Section 0 pdk domain 


reset_dom(4] 


Sectk>n 1 pclk domain 


reset_dOfn[5] 


Sectton 2 pcik domain 


reseOlom(6] 


jdk domain 



The logic is given by 

if (reset_n == 0) then 
reeec^domf 6:0] = 0x00 
reset_src(3 :0) = 0x01 

els if (uab_cpr_rGset_n a 
rese t_dom (6:0] = 0x2 0 
reset_srcl3 :0] « 0x02 

elsif (i6i_cpr_rGset_n 
reset_domr6:0] = 0x20 
reset_src(3 :0] « 0x04 

els if (tin\_cpr_reset^ =»» 
reset_domI6:0] = 0x00 
resec.src(3:0) = 0x08 



// reset everything 

^ 0) then 

// all except comms domain 

0 ) then 

// all except comms domain 

0} then 

// reset everything 
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else 

// propagate resets from reset section register 

reset_doin(5 : 0] = 0x3 F 

if (reset_section_n(0) =- 0) then 

reBet_dorat31 = 0 
if (reset_section_nCl) == 0) then 

reset_domf4) = 0 
if (reset_fiection_n[2) == 0) then 

reset.dom[S] » 0 



The gate enable logic is a combinatioDal logic block used to generate gating signals for each of SoPECs 
clock domains. The gate enable (gat€_domain) is generated based on the configured 5leep_mode_en and 
the internally generated Jclk_enable signal. 

The logic is given by 

// clock gating for sleep modes 
gatd_doin[5:31 = 0x7 // default to on 
for (i=0 ;i < 3 ; { 

if (sleep_^de_en[i1 == l) then 
gate_dom( i<t>3 ) = 0 
pwr_sleep,.jnode(i) == 1 

) 

// jclk and remaining 
gate_doin[2 :0] 0x7 
gate_dom{61 = jclk^enable) 



The clock gate logic is used to safely gate clocks without generating any glitches on the gated clock. When 
the enable is high the clock is active otherwise the clock is gated. 



16.4.6 Gala enable logic 



1 6.4.7 Clock gate logic 




1 



J 



gatejdom 



gate_dom_retimed' 



gate.dock J 




Figure 56. Clock gate logic diagram 
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16.4.8 Clock generator Logic 

The clock generator block contains the PLL, crystal oscillator, clock dividers and associated control and 
. test logic. The PLL VCO frequency is at 960Mhz locked to a 32 Mhz refclk generated by the crystal oscil- 
lator In test mode the xtalin signal can be driven directly by the test clock generator, the test clock will be 
reflected on the refclk signal to the PLL. 

test^enable 



xtalin- 



xtalout ^ 



Crystal 
Oscillator 



refdk 



p!Lrange_a 
pU^range^b 
pILmultpfier 
pU.tune 



pfst_n 




►clk320 
►clkieo 
»clk106 



»cik4B 



Figure 57, PLL and Clock divider logic 



16.4.8.1 Clock divider A 



The clock divider A block generate the 320Mh2. 160Mhz and 106Mh2 clocks from the input 320Mhz 
clock (pli_outb) generated by the PLL. The divider flips flops are asynchronously reset by the prst_n sig- 
nai. The divders are enabled only when the PLL has acqiiired lock as indicated by the plljodc signal. 



16.4,8.2 dock divider B 



The clock divider B block generate the 48Mhz clock from the input 96Mhz clock (pil^outa) generated by 
the PLL. The divider flips flops are asynchrously reset by the prst^n signal. The divders are enabled- only 
when the PLL has acquired lock as indicated by the plljtock signal. 
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17 ROM Block 



17.1 Overview 

The ROM block interfaces to the CPU bus and contains the SoPEC boot code. The ROM block consists of 
the CPU bus interface, the ROM macro and the ChipID macro. The current ROM size is 16 KBytes imple- 
mented as a 4096 x32 macro. Access to the ROM is not cached because the CPU enjoys fast (no more than 
one cycle slower than a cache access), unarbitrated access to the ROM. 

Each SoPEC device is required to have a unique ChipID which is set by blowing fuses at manufacture. 
IBM's 300mra ECID macro is to be used to implement the ChipID and this offers 1 12-bits of laser fuses. 
The exact number of fuse bits to be used for the ChipID will be determined later but all bits are made 
available to the CPU. The ECID macro allows all 1 12 bits to be read out in parallel and the ROM block 
will make all 1 12 bits available in the FuseChipID/NJ registers which are readable by Oie CPU in supervi- 
sor mode only. 




1 7.2 Boot operation 

The are two boot scenarios for the SoPEC device namely after power-on and after being awoken from 
sleep mode. When the device is in sleep mode it is hoped that power will actually be removed from the 
DRAM, CPU and most other peripherals and so the program code will need to be fiishly downloaded each 
time the device wakes up from sleep mode. In order to reduce the wakeup boot time (and hence the per- 
ceived print latency) certain data items are stored in the PSS block (see section 18). These data items 
include the SHA-1 hash digest expected for the program(s) to be downloaded, the master/slave SoPEC id 
and some configuration parameters (currently TBD). All of these data items are stor^ in the PSS by the 
CPU prior to entering sleep mode. The SHA-1 value stored in the PSS is calcul^ed by the CPU by 
decrypting the signature of the downloaded program using the appropriate public key stored in ROM. This 
compute intensive decryption only needs to take place once as part of the power-on boot sequence - subse- 
quent wakeup boot sequences will simply use the resulting SHA-1 digest stored in the PSS. Note that the 
digest only needs to be stored in the PSS before entering sleep mode and the PSS can be used for tempo- 
rary storage of any data at all other times. 

The CPU is expected to be in supervisor mode for the entire boot sequence described by the pseudocode 
below. Note that the boot sequence has not been finalised but is expected to be close to the following: 

If (ResetSrc == 1) Chen // Reset was a power-on reset 

conf igure_80pec // need to configure peris (USB, ISI, DMA, ICU etc.) 
// Otherwise reset was a wakeup reset so peris etc. were already configured 
PAUSE: wait until ZrqSeinaphore !■ 0 //i.e. wait until an interrupt has been serviced . 
if ( IrqSetnaphore DMAChanOMsg) then 

parsejOAsg(DMAChanOKsgPtr) // this routine will parse the message and take any 

// necessary action e.g. programming the DMAChannell registers 
elsif ( irqSemaphorG == DMAChanlMsg) then // program has been downloaded 

CalculatedHash = gen_shal (ProgramLocn, ProgramSize) 

if (ResetSrc == 1) then 

ExpectedHash ss sig^decrypt (PrograinSig) 

else 

ExpectedHash = PSSHash 
if < Expect edHash == CalculatedHash) then 

jmp(Prgreut»L.ocn) // transfer control to the downloaded program 
else 

send_host_msg ( "Program Authentication Failed") 
goto PAUSE: 

elsif (IrqSemaphore == timeout) then // nothing has happened 
if (ResetSrc «» 1) then 
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Bleep_mode() // put SoPEC into sleep mode to be woken up by USB/ISI activity 
else / / WG were woken up but nothing happened 
reset.sopec (PowerOnReset } 

else 

goto PAUSE 

The boot code places no restrictions on the activity of any programs downloaded and authenticated by it 
other than those imposed by the configuration of the MMU i.e. the principal function of the boot code is to 
authenticate that any programs downloaded by it are from a trusted source. It is the responsibility of the 
downloaded program to ensure that any code it downloads is also authenticated and that the system 
remains secure. The downloaded program code is also responsible for setting the SoPEC ISIId (see section 
12.7 for a description of the ISIId) in a multi -SoPEC system. See the "SoPEC Security Overview" docu- 
ment [9] for more details of the SoPEC security features. 

17.3 Implementation 

1 7.3.1 Definitions of I/O 



Table 57. ROM Block I/O 







Clocks and Resets 


prst_n 


1 


In 


Global reset. Synchronous to pdk, active low. 


pdk 


1 


In 


Global dodc 


CPU Interface 


cpu_adrf15:2] 


14 


In 


CPU address bus. Only 14 bits are required to decode the address 
space for this block. 


rom_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu^fwn 


1 


in 


Comnion read/not-wite signal from the CPU 


cpu_ao6de[1:0J 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 • User data access 

10 - Supervisor program access 

1 1 * Supervisor data access 


cpu.rom.sel 


1 


In 


Block select from the CPU. When cpu^rom^sel is high cpu^adr\& 
valkJ 


K>m_cpu_rdy 


1 


Out 


Ready signal to the CPU. When rorru^_nfy\s high It Indkxites 
the last cycle of the access. Fbr a read cycle this tneans the data on 
romjcpujtiata is valid. 


fom_cpu_benr 


1 


Out 


ROM bus error signal to the CPU jndk:ating an invalid access. 



17.3,2 Configuration registers 

The ROM block will only allow read accesses to the FuseChipID registers with supervisor data space per- 
missions (i.e. cpujacode[l:0] = 11). All other accesses of the FuseChipID registers will result in 
rom_cpuJ>err being asserted The ROM block allows all read accesses to the ROM itself (i.e supervisor or 
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user, data or program accesses). The CPU subsystem bus slave interface is described in more detail in sec- 
tion 9.4.3. 

Table 58. ROM Block Register Map 















0x8000 to 
0x6004 


FuseChiplD(N] 


32 


n/a 


Value of oorresponding fuse bits. (Read only) 



17.3.3 Sub-Block Partition 



IBM offer two variants of their ROM macros; A high performance version (ROMHD) and a low power 
version (ROMLD). It is likely that the low power version will be used imless some implementation issue 
requires the high performance version. Bodi versions offer the same bit density. The sub-block partition 
diagram below does not include the clocking and test signals for the ROM or ECID macros. The CPU sub- 
system bus interface is described in more detail in section 1 1 .4.3. 



ROM Macro 
4096 X 32 



IBM 300mm ECID macro 
— — — — — 1 



I 
I 

Fuseooi 
— i; — 

k 
ii 

H 
(| 

Fusgni 



I 



4_ 



rom_adr 



ronrudata 



fuse_data 



32^ 



3^ 



tuse,reg_adr 



GPU Bus 
Interface 



4- 
















► 




► 



cpu_adr 

rom_c^u_data 

cpu_rom_sel 

cpu_rwn 

rom_cpu_rdy 

cpu.acode 

rom_cpu_berr 



Figure 58. Sub-block partition of the ROM block 

17.3.4 Sub-block signal definftton 

Table 59. ROM Block internal signals 



Clocks and Resets 



pfst_n 



I Global reset. Synchronous to pctk. active iow. 
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Table 59. ROM Block Internal signals 









pdk 




1 Global dock 


Internal Signals 


iom_adrl11:01 


12 


ROM address bus 


rom_S6l 


1 


Select signal to the ROM macro instn^cting It to access the tocation 
at rom^adr 


rom_oe 


1 


Output enabie signal to the ROM block 


rom_data{31:0] 


32 


Data bus from the ROM macro to the CPU bus inteHace 


fOm_dvand 


1 


Signal from the ROM macro Indicating that the data on rom_data is 
vaiki for the address on rom^adr 


fuse_data(31 :0I 


32 


Data from the Fuse C/i/p/Of A// register addressed by fuse^reg^adr 




2 


indicates whk:h of the FuseChipiD registers is being addressed 
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18 Power Safe Storage (PSS) Block 



18,1 



Overview 



The PSS block provides 128 bytes of storage space that will maintain its state when the rest of the SoPEC 
device is in sleep mode. The PSS is expected to be used primarily for the storage of decrypted signatures 
associated with downloaded programmed code but it can also be used to store any information that needs 
to survive sleep mode (e.g. configuration details). Note that the signature digest only needs to be stored in 
the PSS before entering sleep mode and the PSS can be used for temporary storage of any data at all other 
times. 

Prior to entering sleep mode the CPU should store all of the information it will need on exiting sleep mode 
in the PSS. On emerging from sleep mode the boot code in ROM will read the ResetSrc register in the CPR 
block to deteimine which reset source caused the waket:q>. The reset source information indicates whether 
or not the PSS contains valid stored data, and the PSS data determines the type of boot sequence to exe- 
cute. If for any reason a full power-on boot sequence should be performed (e.g. the printer driver has been 
updated) then this is simply achieved by initiating a full sofhvare reset. 



The storage area of the PSS block will be implemented as a 128-byte register array. The array is located 
from PSS.base toough to PSS_base+0x7F in the address map. The PSS block will only allow read or 
write accesses with supervisor data space permissions (i.e. cpu_acode[l:OJ = 1 1). All other accesses will 
result in pss_cpujberr being asseited. The CPU subsystem bus slave interface is described in more detail 
in section 11.4.3. 



18.2 



Implementation 
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1 8.2.1 Defin itions of I/O 



Table 60. PSS Brock I/O 




pret_n 


1 


(n 


Global reset. Synchronous to pdk, active k>w. 


pdk 


1 


In 


Global dock 


CPU Interface 


cpu_adr(6:2) 


5 


In 


CPU address bus. Only 5 bits are required to decode the address 
space for this block. 


cpu.dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


pss.cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/hot-write signal from the CPU 


cpu.acode[1.-0] 


2 


In 


CPU Access Code signals. These decode as.follows: 

00 - User program access 

01 - User data access 

10 • Supervisor program access 

1 1 - Supervisor data access 


cpu_pss_se! 


1 


In 


Block select from the CPU. When cpu _pss_se/i8 high both cpu^adr 
and cpii^dataout are valid 


pss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When pss_.cpu^nfy 'ts high it Indicates the 
last cyde of the access. For a read cyde this means the data on 
pss_jcpu_data Is valid. 


pss_cpu_berr 


1 


Out 


PSS bus error signal to the CPU Indk^tlng an invalid access. 
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19 Low Speed Serial Interface (LSS) 



19.1 OVERVfEW 



The Low Speed Serial Interface (LSS) provides a mechanism for the interna) SoPEC CPU to communicate 
with external QA chips via two independent LSS buses. The LSS communicates through the GPIO block 
to the QA chips. This allows the QA chip pins to be reused in multi-SoPEC environments. The LSS Mas- 
ter system-level interface is illustrated in Figure 59. Note that multiple QA chips are allowed on each LSS 
bus. 

CPU sub-system bus 



CPU 



LSS Master 
? 



GPIO 



SoPEC 



LSSbusO 



LSS busi 



QAChipO 



QAChipl 



QA Chip 2 



QAChlp3 



Figure 59. LSS master systen>-ievel interface 



19.2 QA COMMUNICATION 

The SoPEC data interface to the QA Chips is a low speed, 2 pin, synchronous serial bxis. Data is trans- 
ferred to the QA chips via the lss_data pin synchronously with the Iss^clkpin, When the iss^clk is high the 
data on Iss^dtUa is deemed to be valid. Only the LSS master in SoPEC can drive the iss^cik pin, this pin is 
an input only to the QA chips. The LSS block must be able to interface with an open-collector pull-up bus. 
This means that when the LSS block should transmit a logical zero it will drive 0 on the bus, but when it 
I should transmit a logical 1 it will leave high-impedance on the bus (i.e. it doesn't drive the bus). If all the 

agents on the LSS bus adhere to this protocol then there will be no issues with bus contention. 

I The LSS block controls all communication to and from the QA chips. The LSS block is the bus master in 

all cases. The LSS block interprets a command register set by the SoPEC CPU, initiates transactions to the 
QA chip in question and optionally accepts return data. Any return information is presented through the 
configuration registers to the SoPEC CPU. The LSS block indicates to the CPU the completion of a com- 

I mand or the occurrence of an error via an interrupt. 

19,2.1 Start and stop conditions 

All transmissions on the LSS bus are initiated by the LSS master issuing a START condition and termi- 
nated by the LSS master issuing a STOP condition. START and STOP conditions are always generated by 
the LSS master. As illustrated in Figure 60. a START condition corresponds to a high to low transition on 
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lss_data while bs_clk is high, A STOP condition coiresponds to a low to high transition on Issjdata while 
Iss^clk is high. 



Iss elk 




Rgure 60. START and STOP conditions 



19.2.2 Data transfer 



Data is transferred on the LSS bus via a byte orientated protocol Bytes are transmitted serially. Each byte 
is sent most significant bit (MSB) first through to least significant bit (LSB) last. One clock pulse is gener- 
ated for each data bit transferred. Each byte must be followed by an acknowledge bit 

The data on the Issjdata must be stable during the HIGH period of the hs_clk clock. Data may only 
change when Iss^clk is low, A transmitter outputs data after the falling edge of Issjclk and a receiver inputs 
the data at the rising edge of lss_clk. This data is only considered as a valid data bit at the next lss_clk fall- 
ing edge provided a START or STOP is not detected in the period before the next lss_f:lk falling edge. All 
clock pulses are generated by the LSS block. The transmitter releases the Issjdata line (high) during the 
acknowledge clock pulse (ninth clock pulse). The receiver must pull down the Issjddta line dtuing the 
acknowledge clock pulse so that it remains stable low during the HIGH period of this clock pulse. 

Data transfers follow the format shown in Figure 61. The first byte sent by the LSS master after a START 
condition is a primary id byte, where bits 7-2 form a 6-bit primary id (0 is a global id and will address all 
QA Chips on a particular LSS bus)» bit 1 is an even parity bit for the primary id, and bit 0 fonns the read/ 
write sense. Bit 0 is high if the following command is a read to the primary id given or low for a write 
command to that id. An acknowledge is generated by the QA chip(s) corresponding to the given id (if such 
a chip exists) by driving the Issjdata line low synchronous with the LSS master generated ninth Issjclk, 



Iss^daia "j ^; f ^7-l")(bit0^ Act P ^t&l-' ^ bitO \ Ack / \ bitt7-l] ["bit0 )[ Nack \ \ f \ 

* * I ■ 



STARF IDby«E(7:lJ lUW ACK 
coDdidoQ 



DATA ACX DATA 

Rgure 61. LSS transfer of 2 data bytes 



ACK STOP 



19.2.3 Write procedure 



The protocol for a write access to a QA Chip over the LSS b\is is illustrated in Figure 63 below. The LSS 
master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It then trans- 
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mits the primary id byte with a 0 in bit 0 to indicate that the following command is a write to the primaiy 
id An acknowledge is generated by the QA chip corresponding to the given primaiy id The LSS master 
will clock out M data bytes with the slave QA Chip acknowledging each successful byte written. Once the 
slave QA chip has acknowledged the data byte the LSS master issues a STOP condition to complete 
the transfer. The QA chip gathers the M data bytes together and interprets them as a command See QA 
Chip Interface Specification for more details on the format of the conmiands used to conmiunicate with 
the QA chip[8]. Note that the QA chip is free to 'not acknowledge any byte transmitted. The LSS master 
should respond by issuing an interrupt to the CPU to indicate this error. The CPU should then generate a 
STOP condition on the LSS bus to gracefully complete the transaction on the LSS bus. 



ByteO 



ByieM-l ByieM 



IDbyien:i] 



Daia(8) 



Dau<8) 



Data(8) 



S = Stait condition 
A = Ack 
N = Nack 
P = Stop condition 
Shaded bits driven by slave 



Figure 62. Example of LSS write to a QA Chip 



1 9.2.4 Read procedure 



The LSS master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It 
then transmits the primary id byte with a 1 in bit 0 to indicate that the following conunand is a read to the 
primary id. An acknowledge is generated by the QA chip corresponding to the given primacy id. The LSS 
master releases the lss_data bus and proceeds to clock the expected number of bytes from the QA chip 
with the LSS master acknowledging each successful byte read. The last expected byte is not acknowledged 
by the LSS master. It then completes the transaction by generating a STOP condition on the LSS bus. See 
QA Chip Interface Specification for more details on die fom:iat of the commands used to communicate 
with the QA chip[8]. 




BytcM 











N 


P 









S s Start condicion 
A = Ack 

P = Stop condition 
Shaded bit$ driven by slave 



Figure 63. Example of LSS read from QA Chip 
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19.3 Implementation 

A block diagram of the LSS master is given in Figure 64. It consists of a block of configuration registers 
that are programmed by the CPU and two identical LSS master units that generate the signalling protocols 
on the two LSS buses as well as intemipts to the CPU. The CPU initiates and terminates transactions on 
the LSS buses by writing an appropriate command to the command register, writes bytes to be transmitted 
I to a fifo and reads bytes received from a fifo, and checks the sources of interrupts by reading status regis- 

ters. 
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Figure 64. LSS block diagram 
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19.3.1 Definitions of lO 



Table 61 . LSS lO pins definitions 











Clocks and Resets 


pclk 


1 


Jn 


System Cloc^ 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_adrf7:2] 


5 


In 


CPU address bus. Only 6 bits are required to decode the 
address space f9r this block 


cpu_dataout{31:0] 


32 


In 


Shared write data bus from the CPU 


cpu_acode[1:0] 


2 


In 


CPU access code signals. 

cpu_acode[0) • Program (0) / Data (1) access 

cpu_acod8[1] - User (0) / Supervisor (1) access 


cpu.tss^sel 


1 


In 


Block select from the CPU. When cpu./ss_se/ is high both 
cpu.adrand cpuLofataout are valid 


lss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When iss^cpu_ixiy 'is high it Indtoates 
the last cyde of the access. For a write cyde this means 
cptcdataouf has been registered by the LSS block and for a 
read cyde this means the data on Issjspujdaia is valid. 


lss_cpu_befr 


1 


Out 


LSS bus error signal to the CPU. 


l8S.cpu_datB[31 :0I 


32 


Out 


Read data bus to the CPU 


lss_cpij_debufl_valld 


1 


Out 


Active high. Indk:ates the presence of valkJ debug data on 

Issjcpujciatsu 


GPfO lor LSS buses 


lss_gp]o_do(1:0] 


2 


Out 


LSS bus data output 
Bit 0- LSS bus 0 
Bit 1 - LSS bus 1 


gpioj8s_di[1:0] 


2 


In 


LSS bus data input 
BitO-LSSbusO 
Bit 1 • LSS bus 1 


ts$_gpio.e(1:0j 


2 


Out 


LSS bus data output enable, active high 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lss_flpb.clk[1:0] 


2 


Out 


LSS bus dock output 
BftO-LSSbusO 
Bit 1 - LSS bus 1 


ICU Interface 


Jss.icujrq[1:0j 


2 


Out 


LSS interrupt requests 

Bit 0 - interrupt assodated with LSS bus 0 

Bit 1 - interrupt assodated with i.^S bus 1 
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19.3.2 Configuration registers 

The configuration registers in the LSS block are programmed via the CPU interface- Refer to section 1 1.4 
on page 69 for the description of the protocol and timing diagrams for reading and writing registers in the 
LSS block. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the LSS block. Table 62 lists the configuration registers in the LSS block. When reading a register that is 
less than 32 bits wide zeros should be returned on the upper unused bit(s) of Issjcpu^data, 

The input cpujacode signal indicates whether the current CPU access is supervisor, user, program or data. 
The configuration registers in the LSS block can only be read or written by a supervisor data access, i.e. 
when cpuj2code equals bll. If the current access is a supervisor data access then the LSS responds by 
asserting lss_cpu_rdy for a single clock cycle. 

If the current access is anything other than a supervisor data access, then the LSS generates a bus error by 
asserting Iss^cpujberr for a single clock cycle instead of lss_cpu_rdy as shown in section 11 .4 on page 69. 
A write access will be ignored, and a read access will return zero. 



Table 62. LSS Control Registers 











Control registers 


0x00 


Retset 


1 


0x1 


A wilte to this register causes a reset of the LSS. 


0x04 


LssCk>ckHigh Period 


16 


oxooca 


High period of /5s_d!^ expressed as a number of pclk 
cycles. Transmission over the LSS bus is at a nominal 
rate of 400kHz, corresponding to a high period of 200 
pdk (leOMhz) cycles for a 50/50 duty cyde. 


0x08 


LssCtockLowPeriod 


16 


0x0008 


Low period of Iss^dk expressed as a number of pclk 
cycles. Transmission over the LSS bus Is at a nominal 
rate of 400kHz« oorresponding to a low period of 200 
pctk (1 GOMhz) cycles for a 50/50 duty cyde. 


LSS bus 0 registers 


0x10 


LssOlntStatus 


3 


0x0 


LSS bus 0 interrupt status registers 

Bit 0 - command completed successfully 

Bit 1 - error during processing of command, 

not -acknowledge received after transmission 

of primary Id byte on LSS bus 0 
Bit 2 - error during processing of command, 

not -acknowledge received after transmisston 

of data byte on LSS bus 0 
A 1 in a bit of lssO_status^settigi^ causes the corre- 
sponding bit in LssOlntStatus register to be set. 
All the bits in LssOlntStatus are cleared when the 
LssOC/nd register gels written to. 
(Read only register) 


0x14 


LssOCurrentState 


4 


0x0 


Gives the current state of the LSS bus 0 state 

machine. (Read only register). 

(Encoding will be specified upon state machine Imple- 

nr>entatfon) 


0x18 


LssOCmd 


22 


0x00 
.0000 


Command register defining sequence of events to 
perform on LSS bus 0 before interrupting CPU. 
A write to this register causes all the bits in the 
LssOlntStatus register to be deared as well as gener- 
ating a IssO^new^md pulse. 
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Table 62. LSS Control Registers 







to- 






0x1C-0x2C 


Us0ri1b[4:0] 


5X32 


0x0000 
_0000 


LSS Data buffer. Should be filled with transmit data 
before tiansmit command, or read data bytes received 
after a valid read command. 


LSS bus 1 registers 


0x30 


LssltntStatiis 


3 


0x0 


LSS bus 1 interrupt status registers 

Bit 0 - command completed successfully 

Bet 1 • error during processing of command. 

not -acknowledge received after transmission 

of primary id byte on LSS bus 1 
Bit 2 - error during processing of command, 

not -acknowledge received after transmlsskx) 

of data byte on LSS bus 1 
A 1 in a bit of issf_sfafc/s_5ef signal causes the corre- 
sponding bit in LssllntStatus register to be set 
All the bits in LssUntStatus are cleared when the 
LssfCmd register gets written to. 
(Read only register) 


0x34 


LsslCurrentState 


4 


0x0 


Gives the current state of the LSS bus 1 state 
machine. (Read only register) 
(Encoding will be specified tJpon state machine imple- 
mentation) 


0x38 


LsslCmd 


22 


0x00_ 
0000 


Command register defining sequence of events to 
perform on LSS bus 1 before interrupting CPU. 
A write to this register causes afl the bits in the 
LssUntStatus register to be cleared as well as gener- 
ating a f$s1^new__cmd pulse. 


0x3C-0x4C 


Lss1Buffer(4:01 


5x32 


0x0000 
.0000 


LSS Data buffer. Stiould be filled with transmit data 
t>efore transmit comnnand, or read data tyytes received 
after a valid read command. 


Debug registers 


OxSO 


LssDebugSel 


5 


0x00 


Selects register for debug output. This value is used 
as the input to the register decode logic instead of 
cpu^adr[6'^}when the LSS btock is not t>eing 
accessed by the CPU, I.e. when cpci_i!55_$e/is 0. 
The output Iss^cpu^detJug^yaHdXs asserted to indi- 
cate that the data on lss^cpu_<iata is valid debug 
data. This data can be mutliplexed onto chip f^ns dur- 
ing detmg mode. 



19.3.2.1 LSS command registers 

The LSS command registers define a sequence of events to perform on the respective LSS bus before issu- 
ing an interrupt to the CPU. There is a separate command register and interrupt for each LSS bus. The for- 
mat of the command is given in Table 63. The CPU writes to the command register to initiate a sequence 
of events on an LSS bus. Once the sequence of events has completed or an error has occurred, an interrupt 
is sent back to the CPU. 

Some example commands are: 

• a single START condition (Start == 1 . IdByteEnable « 0. RdWrEnable - 0, Stop = 0) 

• a single STOP condition (Start = 0, IdByteEnable = 0, RdWrEnable = 0, Stop « 1) 

• a START condition followed by transmission of the id byte (Stan = 1 , IdByteEnable «= 1 , RdWrEnable 
= 0, Stop = 0, IdByte contains primary id byte) 



Doc: SoPEC_hardware_design 

Version: 2.3 



S3 Proprietary Document 



Nov 2002 
Page 188 



SoPEC : Hardware Design 



I • a write transfer of 20 bytes from the data buffer (Start = 0, IdByteEnabie •?= 0, RdWrEnable - 1, 

RdWrSense = 0, Stop = 0, TxRxByteCount = 20) 
I • a read transfer of 8 bytes into the data buffer {Start = 0. IdByteEnabie = 0, RdWrEnable = \, 

RdWrSense = 1 , ReadNack = ft Stop = 0, TxRxByteCount = 8) 
♦ a complete read transaction of 16 bytes {Start = \JdByteEnable = 1, RdWrEnable = 1. RdWrSense = 1, 

ReadNack = 7, SVop = 1, /dSyr^ contains primary id byte, TxRxByteCount 16), etc. 

The CPU can thus program the number of bytes to be transmitted or received (up to a maximum of 20) on 
the LSS bus before it gets interrupted This allows it to insert ari)itrary delays in a transfer at a byte bound- 
ary. For example the CPU may want to transmit 30 bytes to a QA chip but insert a delay between the 20* 

I and 21** bytes sent. It does this by first writing 20 bytes to the data buffer. It then writes a command to gen- 
crate a START condition, send the primary id byte and then transmit the 20 bytes from the data buffer. 
When interrupted by the LSS block to indicate successful completion of the command the CPU can then 

I write the remaining 10 bytes to the data buffer. It can then wait for a defined period of time before writing 
a command to transmit the 10 bytes from the data buffer and generate a STOP condition to terminate the 
transaction over the LSS bus. 

An interrupt to the CPU is generated for one cycle when any bit in LssNJntStatus is set The CPU can read 
LssNIntStatus to discover the source of the interrupt and can clear a bit in LssNJntStatus by writing a 1 to 
the corresponding bit in LssNIntStatus register. Alternatively the CPU can start a new command which 
will automatically reset all LssNIntStatus bits. 



Table 63. LSS command register description 









0 


Start 


When 1 . Issue a START condition on the LSS bus. 


1 


IdByteEnabie 


ID tiyte tran smit enabfe: 

1 - transmit byte in tdByta field 

0 - fgnore byte in IdByie field 


2 


RdWrEnable 


ReadAvrite transfer enable: 

0 - ignore settings of RdWrSense, ReadNack arxi TxRxByteCount 

1 - It RdWrSense is 0. then perform a write transfer of TxRxByteCount bytes from the 

data txjffar. 

If RdWrSense is 1, then perform a read transfer of TxRxByteCount bytes into the 
data buffier. Each byte should be acknowtedged and the last byte received is 
acknowf edged/not-acknowledged according to the setting of ReadNack. 


3 


RdWrSense 


Read^write sense indicator: 
0- write 
1 - read 


4 


ReadNadc 


indicates* for a read transfer, whether to issue an adcnowledge or a not-acknowfedge 
after the last byte received (indicated by TxRxBytaCount^. 

0 - issue acknowledge after last kyyte received 

1 ' Issue nol-acknowledge after last byte received. 


5 


Stop 


When 1 . Issue a STOP condition on the LSS bus. 


7:6 


reserved 


Must be 0 


15:8 


IdByte 


Byte to be transmitted if tdByteBnatle is 1 . Bit 6 con-esponds to the l^B. 


20:16 : 


TxRxByteCount 


Number of bytes to be transmitted from the data buffer or the number of bytes to be 
received into the data buffer. The maximum value that should be progranruned is 20, as 
tfie size of the data twffer Is 20 bytes. 



The data buffer is implemented in the LSS master block. When the CPU writes to the LssNBuffer registers 
the data written is presented to the LSS master block via the lssNJbujfer_wrdata bus and configuration 
registers block pulses the IssNJbuffer^wen bit corresponding to the register written. For example if LssN- 
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Buffer pj is written to lssN_buffer_wenf2J will be pulsed When the CPU reads the LssNBuffer registers 
the configuration registers block reflect the lssNJ}uffer_rdata bus back to the CPU. 

19.3.3 LSS master unit 

The LSS master unit is instantiated for both LSS bus 0 and LSS bus L It controls transactions on the LSS 
bus by means of the state machine shown in Figure 65, which interprets the commands that are written by 
the CPU. It also contains a single 20 byte data buffer used for transmitting and receiving data. 

The CPU can write data to be transmitted on the LSS bus by writing to the LssNBuffer registers.. It can also 
read data that the LSS master unit receives on the LSS bus by reading the same registers. The LSS master 
always transmits or receives bytes to or from the data buffer in. the same order. For example a transmit 
command 

For a transmit conmiand, LssNBuffer p}] [7:0] gets transmitted first, then LssNBuffer [0] [1 5 :S], LssNBuf- 
fer[0][23:l6J. UsNBufferfO] [32:24], LssNBuffer [I] [7:0] and so on until TxRxByteCount number of 
bytes are transmitted. A receive command fills data to the buffer in the same order. Each new command Ae 
buffer start point is reset. 

All state machine outputs, flags and counters are cleared on reset After a reset the state machine remains 
in the Idle state until lss_cmd_yalid equals 1 . If the Start bit of the command is 0 the state machine pro- 
ceeds directly to the ChecJddByteEnable state. If the Start bit is 1 it proceeds to the GenerateStart state 
and issues a START condition on the LSS bus. 

In the ChedddByteEnable state, if the IdByteEnable bit of the command is 0 the state machine proceeds 
directly to the CheckRdWrEnable state. If the IdByteEnable bit is 1 the state machine enters the Sendld- 
Byte state and the byte in the IdByte field of the command is transmitted on the LSS. The WaitForldAck 
state is then entered. If the byte is acknowledged, the state machine proceeds to the CheckRdWrEnable 
state. If the b3^e is not-acknowledged, the state machine proceeds to tiie Generatelnterrupt state and issues 
an interrupt to indicate a not>acknowiedge was received after transmission of the primary id byte. 

In the CheckRdWrEnable state, if the RdWrEnable bit of the conmiand is 0 the state machine proceeds 
directly to the CheckStop state. If the RdWrEnable bit is 1 , count is loaded with the value of the TxRxByte- 
Count field of the command and the state machine enters either the ReceiveByte state if the RdWrSense bit 
of the conmiand is 1 or die TransmitByte state if the RdWrSense bit is 0. 

For a write transaction, the state machine keeps transmitting bytes fh>m the data buffer, decrementing 
count after each byte transmitted, until count is 1. If all the bytes are successfully transniitted the state 
machine proceeds to the CheckStop state. If the slave QA chip not-acknowledges a transmitted byte, the 
state machine indicates this error by issuing an interrupt to the CPU and then entering the Generatelnter- 
rupt state. 

For a read transaction, the state machine keeps receiving bytes into die data buffer, decrementing count 
after each byte transmitted, until count is 1. After each byte received the LSS master must issue an 
acknowledge. After the last expected byte (i.e. when count is 1) the state machine checks the ReadNack\i\l 
of the command to see whether it must issue an acknowledge or not-acknowledge for that byte. The 
CheckStop state is then entered. 

In the CheckStop state, if the Stop bit of the command is 0 the state machine proceeds directly to the Gen- 
eratelnterrupt state. If the Stop bit is 1 it proceeds to the GenerateStop state and issues a STOP condition 
on the LSS bus before proceeding to the Generatelnterrupt state. In both cases an interrupt is issued to 
indicate successful completion of the command. 

The state machine then enters the Idle state to await the next command. 

The CPU may abort the current transfer at any time by perforaiing a write to the Reset register of the LSS 
block. 
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19.3.3. 1 START and STOP generation 

START and STOP conditions, which signal the beginning and end of data transmission, occur when the 
LSS master generates a falling and rising edge respectively on the data while the clock is high. 

In the GenerateStart state, bs_gpio_cik is held high with iss jgpiojB remaining deasserted (so the data line 
is pulled high externally) for LssClockHighPeriod pclk cycles. Then Iss ^ioja is asserted and 
iss_gpio_do is pulled low (to drive a 0 on the data line, creating a falling edge) with Iss _gpio^clk remain- 
ing high for another LssClockHighPeriod pcik cycles. 

In the GenerateStop state, both Iss^^io^clk and Iss _gpiojio are pulled low followed by the assertion of 
lss_gpio_e to drive a 0 while the clock is low. After LssClockLowPeriod pclk cycles, Lss^gpio^clk is set 
high. After a further LssClockHighPeriod pclk cycles, Iss^gpio^e is deasserted to release the data bus and 
create a rising edge on the data bus during the high period of the clock. 

19.3.3.2 dock puise generation 

The LSS master holds lss^io_clk high while the LSS bus is inactive, A clock pulse is generated for each 
bit transmitted or received over the LSS bus. It is generated by first holding iss ^io^clk low for LssCl€>ck' 
LowPeriod pcik cydes, and then high for LssCiockHigfiPeriod pclk cycles. 

19.3.3.3 Data reception 

The input data, gpiojssjii^ is first synchronised to the pclk domain by means of two flip-fiops clocked by 
pclk The LSS master generates a clock pulse for each bit received. The output Iss ^^ioje is deasserted on 
the falling edge of iss_gpio^clk to release the data bus. The value on the synchronised gpio^bs_di is sam- 
pled on the rising edge of Iss^gpio^clk (the data should be averaged over a further 3 stage register to avoid 
possible glitch detection). The data is only considered as a valid bit at the next falling edge of iss^^io^cik 
provided a START or STOP is not generated in the meantime. 

In the ReceiveByte state, the state machine generates 8 clock pulses. On each rising edge of Iss _gpio^cik 
the synchronised gpiojss^di is sampled. The first bit sampled is LssNBufferfOJf7J, the second L^ssNBuf- 
fer[0][6J^ etc to LssNBuffer[0][0]. For each byte received the state machine either sends an NAK or an 
ACK depending on the conunand configuration and the number of bytes received. 

In the SendNack state the state machine generates a single clock pulse, iss^gpio^e is deasserted and the 
LSS data line is pulled high externally to issue a not-acknowledge. 

In the SendAck state the state machine generates a single clock pulse, iss _gpio_e is asserted and a 0 driven 
on iss^gpio_do after iss^gpio^clk falling edge to issue an acknowledge. 

19.3.3.4 Data transmission 

The LSS master generates a clock pulse for each bit transmitted. Data is output on the LSS bus on the fall- 
ing edge of lss_gpio_clk 

When the LSS master drives a logical zero on the bus it will assert lss_gpio_e and drive a 0 on ^s^f ^io^do 
after lss,^iojclk ^ling edge. Iss^^gpio^e will remain asserted and Iss^^io^do will remain low until the 
next iss_cik falling edge. 

When the LSS master drives a logical one Iss .^iojs should be deasserted at Iss^^iojdk falling edge and 
remain deasserted at least until the next Iss^gpio^cik falling edge. This is because the LSS bits will be 
externally puUed up to logical one via a pull-up resistor. 

In the Sendid byte state, the state machine generates 8 clock pulses to transmit the byte in the IdByte field 
of the cxirrent valid command On each falling edge of Iss^gpio^clk a bit is driven on the data bus as out- 
lined above. On the first falling edge IdByte f7J is driven on the data bus, on the second falling edge 
IdByte f6J is driven out, etc. 
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' In the TransmitByte state, the state machine generates 8 clock pulses to transmit the byte at the output of 

the transmit FIFO. On each falling edge of lss^io_clk a bit is driven on the data bus as outlined above. 
On the first falling edge LssNBuffer[0] [7] is driven on the data bus, on the second falling edge LssNBuf- 
fer[0][6] is driven out, etc on to LssNBufferfO] [7] bits. 

In the WaitForAck state, the state machine generates a single clock pulse. On the rising edge of 
lss_gpio_clk the synchronized gpioJss_di is sampled. A 1 indicates an acknowledge 9nd ack_jietect is 
pulsed, a 0 indicates a not-acknowledge and nackjietect is pulsed. 

19,3,3,5 Data ratB control 

The CPU can control the data rate by setting the clock period of the LSS bus clock by programming appro- 
priate values in LssClockHighPeriod and LssClockLowPeriod. The default setting for both registers is 200 
(pclk cycles) which corresponds to transmission rate of 400kHz on the LSS bus. 
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state machine outputs, Issjcujrq and 
LssStatusSet are zero unless otherwise 
indicated. 



flesBtORp rst n«iO 




Figure 65. LSS master state machine 
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DRAM Subsystem 



S5 



Doc: SoPEC.hardware.design 
Version: 2.3 



S3 Proprietary Document 



jggNov 2002 
Page 194 




SoPEC : Hardware Design 



20 DRAM Interface Unit (DIU) 



20.1 



Overview 



Figure 66 shows how the DIU provides the interface between the on-chip 20 Mbit embedded DRAM and 
the rest of SoPEC. In addition to outlining the ftinctionaJity of the DIU, this chapter provides a top-level 
overview of the memory storage and access patterns of SoPEC and the buffering required in the various 
SoPEC bloclcs to support those access requirements. 

The main functionality of the DIU is to arbitrate between requests for access to the embedded DRAM and 
provide read or write accesses to the requesters. The DIU must also implement the initialisation sequence 
and refresh logic for the embedded DRAM. 

The arbitration mechanism is a hierarchical timeslot mechanism providing guaranteed bandwidth and 
latency to each DIU requester, with unused slots re-allocated to provide best efifort accesses. The arbitra- 
tion scheme is luUy programmable. 

The interface between the DIU and the SoPEC requesters is similar to the interface on FECI i.e. separate 
control, read data and write data busses. 

The embedded DRAM is used principally to store: 

• CPU program code and data. 

• PEP (re)progranuiiing commands. 

• Compressed pages containing contone, bi-level and raw tag data and header information. 

• Decompressed contone and bi-level data. 

• Dotline store during a print. 

• Print setup information such as tag format structures, dither matrices and dead nozzle information. 
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CPU sub-system 
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Figure 66. SoPEC System Top Level partition 
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20.2 IBM Cu-1 1 Embedded DRAM 

20.2.1 Single bank 

SoPEC will use the 1.5 V core voltage option in IBM's 0.13 class Cu-1 1 process. 



The random read/write cycle time and the refresh cycle time is 3 cycles at 160 MHz [16]. An open page 
access will complete in 1 cycle if the page mode select signal is clocked at 320 MHz or 2 cycles if the page 
mode select signal is clocked every 160 MHz cycle. The page mode select signal will be clocked at 320 
MHz in SoPEC. The DRAM word size is 256 bits. 

Most SoPEC requesters will make single 256 bit DRAM accesses (see Section 20.4). These accesses will 
take 3 cycles as they are random accesses i.e. they will most likely be to a different memoiy row than the 
previous access. 

The entire 20 Mbit DRAM will be implemented as a single memoiy bank. In Cu-1 1» the maximum single 
instance size is 16 Mbit The first 1 Mbit tile of each instance contains an area oveittead so the cheapest 
solution in terms of area is to have only 2 instances. 16 Mbit and 4Mbit instances would togedier consume 
an area of 14.63 nmi^ as would 2 times 10 Mbit instances. 4 times 5 Mbit instances would require 17.2 
mm^. 

Hie instance size will determine the frequency of refresh. Each refresh requires 3 clock cycles. In Cu-1 1 
each row consists of 8 columns of 256-bit words. This means that 16 Mbit requires 8192 rows. A complete 
DRAM refresh is required every 3.2 ms. This would mean a row would have to be refreshed every 62 
cycles. Two times 10 Mbit instances would require a refresh every 100 clock cycles, if the instances are 
refreshed in parallel. Having 4 times 5 Mbit instances means a refresh is required only every 200 cycles. 

The SoPEC DRAM will be constructed as two 10 Mbit instances implemented as a single memoiy bank. 
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20.3 SoPEC Memory Usage Requirements 

The memory usage requirements for the embedded DRAM are shown in Table 64. 



Table 64. Memory Usage Requirements 









ijompressea page store 


2048 Kbytes 


Compressed data page store for 6i-level 
and contone data 


Decompressed Contone 
Store 


108 Kbyte 


1 3824 lines with scale factor 6 = 2304 pixels, 
store 12 lines. 4 colors s 108 kB 
13824 lines with scale tactor 5 = 2765 pixels, 
store 12 lines, 4 colors = 130 kB 


Spot f (lie store 




13824 dots/line so 3 lines is 5.1 kB 


Tag Format Structure 


55 Kbyte (384 dot line tags e 
1600 dpi) 

12 Klayte (2.5 mm tags Q 800 
dpi) 


55 kB in Cor 384 dot line tags 

2^ mm tags (1/10lh Inch) 9 1600 dpi require 

2.5 mm tags d 800 dpi require 80/384 xSS » 
12 kB 


Dither Matrix store 


4Kbytes 


64x64 dither matrix is 4 kB 
128x128 dither matrix is 16 kB 
256x256 dither matrix is 64 kB 


DNC Dead NozzTe Tatile 


1.4 Kbytes 


Delta encoded. (1 0 bit delta positk»n + 6 dead 
nozzle mask) x% Dnozzle 
5% dead nozzles requires (104«)x 692 Dnoz- 
zles s 1.4 Kbytes 


Dot-Cine store 


319 Kbytes 


Assume each color row is separated by 5 dot 
lines on the print head 
The dot line store will be 04S+10...5(Vf-55 = 
330 half dot lines -i^ 48 extra half dot nnes (4 
per dot row) s 378 half dot lines = 31 9Kbytes 


PCU Program code 


8 Kbytes 


1024 commands of 64 bits » 8 kB 


CPU 


64 Kbytes 


Program code and data 


TOTAL 


2570 Kbytes (12 Kbyte TPS 
storage) 

2613 Kbytes (55 Kbyte TPS) 





Note: 

• Total storage of 2570 Kbytes will be reduced to 2560 Kbytes to align to 20 Mbit DRAM. 
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20.4 SoPEC Memory Access Patterns 

Table 65 shows a summary of the blocks on SoPEC requiring access to the embedded DRAM and their 
individual memory access patterns. Most blocks will access the DRAM in single 256-bit accesses. All 
accesses must be padded to 256-bits except for 64-bit CDU write accesses and CPU write accesses. Bits 
which should not be written are masked using the individual DRAM bit write inputs or byte write inputs, 
depending on the foundry. Using single 256-bit accesses means that the buffering required in the SoPEC 
DRAM requesters will be minimized. 



Table 65. Mennory access patterns of SoPEC ORAM Requesters 









CPU 


R 


Single 256-bil reads. 


W 


Single 32-blt, 16-faK or 8-bit writes. 


SCB 


W 


Single 256-bit writes. 


CDU 


R 


Single 2564)it reads of the compressed contone data. 


W 


Each CDU access is a write to 4 consecutive DRAM words In the same row 
tHJt only 64 bits of each word are written with the remaining bits write 
masked. 

The access time for this 4 word page mode burst is 3 + 1 -i- 1 -ft =6cyctes 
if the page mode select signal is docked at 320 MHz. 


CFU 


R 


Single 256 bit reads. 


LBO 


R 


Single 256 bit reads. 


SFU 


R 


Sepamte single 256 bit reads for previous and current line but sharing the 
same OIU interface 


W 


Single 256 bit writes. 


TE(TD) 


R 


Single 256 bit reads. Each read returns 2 times 128 t}it tags. 


TE(TFS) 


R 


Single 256 bit reads. TPS is 136 bytes. This means there is unused data in 
the fifth 256 bit read. A total of 5 reads is required. 


HCU 


R 


Single 256 bit reads. 1 28 x 128 dither matrix requires 4 reads per line with 
double buffering. 256 x 256 dither matrix requires 8 reads at the end of the 
line with single buffering. 

Dither matrices have start address, end address and line advarK» incre- 
ment 


ONC 


R 


Sin(^e 256 bit dead nozzle table reads. Each dead nozzle table read con- 
tains 16 dead-nozzle tables entries each of 10 delta bits plus 6 dead nozzle 
mask bits. 


OWU 


W 


Single 256 bit writes Since enable/disable DRAM access per color plane. 


UU 


R 


Single 256 bit reads since enable/disat)te DRAM access per color plane. 


pcu ■ 


R 


Single 256 bit reads. Each PCU command is 64 fc^ts SO each 256 bit word 
can contain 4 PCU conimands. 

PCU reads from ORAM used for reprogramming PEP should be executed 

with minimum latency. 

If this occurs between pages then there will be free bandwidth as most of 
the other SoPEC Units will not be requesting from ORAM. If this occurs 
between bands then the LOB. CDU and TE bandwidth will be free. So the 
PCU should have a high priority to access to any spare tsandwfdth. 


Refresh 




Single refre^. 
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20.5 Buffering Required in SoPEC DRAM Requesters 

If each DIU access is a single 256-bit access then we need to provide a 256-bit double buffer in the DRAM 
requester. If the DRAM requester has a 64-bit interface then this can be implemented as an 8 x 64-bit 

nFO. 



Table 66. Buffer sizes In SoPEC DRAM requesters 



DRAM 
Requester 


Direction 


Access patterns 


Buffering required In 
block 


CPU 


R 


Sinole 2S6-hit rfiads. 




W 


SinQle 32-btt writes but allowing t6-btt or byte 
addressable writes. 


None. 


SC8 


W 


Singte 256-bit writes. 


Double 
256-bit buffer. 


CDU 


R 


Single 256-brt reads of the compressed contone 
data. 


Double 256-bit buffer. 


w 


Each CDU Accesft is a writa to 4 cnnsacutiue DRAM 
words in ttw same row but only 64 bits of each word 
are written with the remaining bits write masked. 


buffer. 


CPU 


R 


Single 256 bit reads. 


Double 256-bit buffer. 


LBD 


R 


Sinflla 256 bit reads. 


DmihlA O^VIMH buffer 
wvuwv DUiiei. 


SRJ 


R 


Separate single 256 bit reads tor previous and cur- 
rent line but sharing the same DIU interface 


Double 256-bit buffer for 
each read channel. 


W 


Single 256 bit writes. 


Double 256-bit buffer. 


TE(TD) 


R 


Singte 256 bit reads. 


Double 256-bit buffer. 


TE(TFS) 


R 


SIngie 256 bit reads. TPS is 136 bytes. This means 
there is unused data in the fifth 256 bit read. A total 
of 5 reads is required. 


Doutile line-buffer for 136 
bytes innplemented in TE. 


HCU 


R 


Single 256 bit reads. 128 x 128 dither matrix 
requires 4 reads per line with double bufierlng. 256 x 
256 dither matrix requires 6 reads at the end of the 
line with single buffering. 


Configurat)le between dou- 
ble 128 byte buffer and 
single 256 byte buffer. 


ONC 


R 


Single 256 bit reads 


Double 256-bit buffer. 
Deeper tiuffering could be 
specified to cope with Eocal 
clusters of dead nozzles. 


DWU 


W 


Single 256 bit writes per enabled odd/even color 
plane. 


Double 256-blt buffer per 
cofer plane. 


>LLU 


R 


Single 256 bit reads per enabled odd/even color 
plar>e. 


Double 256-bit buffer per 
color plane. 


PCU 


R 


Single 256 bit reads. Each PCU command is 64 bits 
so each 256 bit DRAM read can contain 4 PCU com- 
mands. Requested command is read from DRAM 
together with the next 3 contiguous 64^1t8 which are 
cached to avoid unnecessary DRAM reads. 


Single 256-bit buffer. 


Refresh 




Single refresh. 


None. 
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20.6 SoPEC DIU Bandwidth Requirements 

Table 67: SoPEC DIU Bandwidth Requirements 




CPU 



w 



SCB 



w 



7802 



0.328 



0.328 



0.5 



COU 



W 



128(SF = 4).288(SF^ 
6). 1 ;1 compression^ 



32/n2 (SR^). 
0.9 (SF = 6), 
2{SF = 4) 
(1:1 



32/1 0*n2 (SF^). 
0.09 (SF = 6). 
0.2 (SFt=4) 
(10:1 compression)^ 



1 (SF=6) 
2(SF=4) 



For individual accesses: 
16 cycles (SF = 4K 36 
cycles (SF e 6)» nr cycles 

Will be implemented as a 
page mode burst of 4 
accesses every 64 cydes 
(SFs4).144(SF =:6). 
4-n2(SF:=o) cycles^ 



64/n2 (SFsn). 
1.8(SF:=6). 
4(SF = 4) 



32/n2 (SF^rn). 
0.9 (SF = 6), 
2(SF«4)* 



2(SF^) 
4 (SFb4) 



CFU 



32(SF = 4),48(SFs6)^ 



32/n (SP=n), 
5.4 (SF=6). 
8 (SF = 4) 



256 (1:1 compression)^ 



32/n (SF=n). 
5.4(SF«6), 
8(SF«4) 



5.5 (SF=6) 
6(SF=4) 



L£0 



1 (1:1 compression) 



0.1 (10:1 compression)" 



SFU 



W 



128' 



256' 



TEfTO) 



252^2 



1.02 



1.02 



1.25 



TE(TFS) 



5 reads per line^^ 



0.093 



0.093 



0.25 



HCU 



4 reads per line for 1 28 x 
128 dither matrix^* 



0.074 



0.074 



0.25 



DNC 



106 (5% dead-nozzles 
10-bit delta encoded)^^ 



2.4 (dump of dead 
nozzles) 



0.8 (equally spaced 
dead nozzles) 



2.5 



DWU 



W 



6 writes every 256^* 



8 reads every 256 



17 



PCU 



256^« 



Refresh 



100^» 



2,56 



2.56 



2.75 



TOTAL 



SF<r6. 34 
SF = 4: 39.5 
excluding CPU 



SF = 6: 27.5 
$F = 4:31.2 
excluding CPU 



SF:^6:35 
excluding CPU. 
SFs 4: 40.5 
excluding CPU 



Notes: 

I: The number of allocated timeslots is based on 64 timeslots each of 1 bit/cycle but broken down to a granularity of 
0.2S bit/cycle. 

2: 50 Mbit/s is 0.328 bits/cycle or 256 bits every 780 cycles. 

3: At 1 :l compression CDU must read a 4 color pixel (32 bits) every SF^ cycles. 
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4: At 1 0:1 'average compression CDU must lead a 4 color pixel (32 bits) every 10*SF^ cycles. 

5: 4 color pixel (32 bits) is required, on average, by the CFU every SF^ (scale factor) cycles. 

The time available to write the data is a function of the size of the buffer in DRAM. 1.5 buffering means 4 color pixel 
(32 bits) must be written every SF^ / 2 (scale factor) cycles. Therefore, at a scale factor of SF, 64 bits are required 



Since 64 valid bits are written per 256-bit write (Figure 104 on page 282) then the DRAM is accessed every SF' 
cycles i.e. at SF4 an access every 16 cycles, at SF6 an access every 36 cycles. 

If a page mode burst of 4 accesses is used then each access takes (3-^1 + 1 +1) equals 6 cycles. This means at SF, a set 

of 4 back-to-back accesses must occur every 4*SF^ cycles. This assumes the page mode select signal is clocked at 320 

MHz. CDU timcslots therefore take 6 cycles. 

For scale factors lower than 4 double buffering will be used. 

6: The average bandwidth 1/2 the peak bandwidth in the case of 1 .5 buffering. 

7: 4 color pixel (32 bits) read by CFU every SF cycles. At SF4, 32 bits is required every 4 cycles or 256 bits every 32 

cycles. At SF6, 32bits every 6 cycles or 256 bits every 48 cycles. 

8: At 1 :1 compression require 1 bit/cycle or 256 bits every 256 cycles. 

9: The average bandwiddi required at 10:1 compression is 0.1 bits/cycle. 

10: Two separate reads of 1 bit/cycle. 

11: Write at 1 bit/cycle. 

12: £ach tag can be consumed in at most 126 dot cycles and requires 128 bits. This is a nmximura rate of 256 bits 
every 252 cycles. 

13: 17 X 64 bit reads per line in FECI is 5 x 256 bit reads per line in SoPEC. Double*line buffered storage. 
14: 128 bytes read per line is 4 x 256 bit reads per line. Double-line buffered storage. 

15: 5% dead nozzles lO-bit delta encoded stored with 6-bit dead nozzle mask requires 0.8 bits/cycle read access or a 
256-bit access every 320 cycles. This assumes the dead nozzles are evenly spaced out. In practice dead no^es are 
likely to be clumped. Peak bandwidth is estimated as 3 times average bandwidth. 
16: 6 bits/cycle requires 6 x 256 bit writes every 256 cycles. 

17: 6 bits/160 MHz SoPEC cycle average but will peak at 2 x 6 bits per 106 MHz print head cycle or 8 bits/ SoPEC 
cycle. The PHI can equalise die DRAM access rate over the line so that the peak rate equals the average rate of 8 bits/ 
cycle. 

18: Assume one 256 read per 256 cycles is sufficient i.e. maximum latency of 256 cycles per access is allowable. 
19: As an example asstmie refresh must occur every 3 J2 ms. Refresh occurs row at a time over 5120 rows of 2 parallel 
to Mbit instances. Each refresh takes 3 cycles. This is equivalent to a timeslot every 100 cycles. 



every SF^ cycles. 
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20.7 DIU BUS TOPOLOGY 
20.7.1 Basic toporogy 



Table 68. SoPEC OIU Requesters 







CPU 


CPU 


Refresh 


CDU 


SCB 




CFU 


CDU 




LBD 


SFU 




SFU 


DWU 




TECTD) 






TE(TFS) 






HCU 






DNC 






LLU 






PCU 







Table 68 shows the DIU requesters in SoPEC. There are 1 1 read requesters and 5 write requesters in 
SoPEC as compared with 8 read requesters and 4 write requesters in PECl. Refresh is an additional 
requester. 

In PEGU the interface between the DIU and the DIU requesters had the following main features: 

• separate control and address signals per DIU requester multiplexed in the DIU according to the arbitra- 
tion scheme, 

• separate 64.bit write data bus for each DRAM write requester multiplexed in the DIU, 

• common 64>bit read bus from the DIU with separate enables to each DIU read requester. 

Tuning closure for this bussing scheme was straight-forward in PECl. This suggests that a similar scheme 
will also achieve timing closure in SoPEC. SoPEC has 5 more DRAM requesters but it will be in a 0.13 
um process with more metal layers and SoPEC will run at approximately the same speed as PECl . 

Using 256-bit busses would match the data width of the embedded DRAM but such large busses may 
result in an increase in size of the DIU and the entire SoPEC chip. The SoPEC requestors would require 
double 256-bit wide buffers to match the 256-bit busses. These buffers, which must be implemented in 
flip-flops, are less area efficient than 8-deep 64-bit wide register axiays which can be used with 64-bit bus- 
ses. SoPEC will therefore use 64-bit data busses. Use of 256-bit busses would however sin^lify the DIU 
implementation as local buffering of 256-bit DRAM data would not be required within the DIU. 

20.7.1.1 CPU DRAM access 

The CPU is the only DIU requestor for which access latency is critical. All DIU write requesters transfer 
write data to the DIU using separate point-to-point busses. The CPU will use the cpu_dataout[3 1 :0] bus. 
CPU reads will not be over the shared 64-bit read bus. Instead, CPU reads will use a separate 256-bit read 
bus. 

20.7^ Making more efflcfent use of DRAM bancfwidth 

The embedded DRAM is 256-bits wide. The 4 cycles it takes to transfer the 256-bits over the 64-bit data 
busses of SoPEC means that effectively each access will be at least 4 cycles long. It takes only 3 cycles to 
actuaUy do a 256-bit random DRAM access in the case of IBM DRAM. 
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20.7.2.1 Common read bus 

If we have a common read data bus» as in PECl, then if we are doing back to back read accesses the next 
DRAM read cannot start until the read data bus is free. So each DRAM read access can occur only every 4 
cycles. This is shown in Figure 67 with the actual DRAM access taking 3 cycles leaving 1 unused cycle 
per access. 



pclkl 
diu_data[63:0] 



rreq(n+l) 
rreq(n+2) ' 
rreq(n+3) ' 



rack(n+l) | 

rack(n+2) 

rack(n+3) 



access n 



unused 
cycle 



I access n+1 | access n'f'2 



-►^ — ► 



unused 
cycle 



access 



unused 
cycle 
-^^^ — ► 



J L 



J L 



Figure 67. Shared read bus with 3 cycle random DRAM read accesses 



20.7.Z2 Interleaving CPU and non-CPU read accesses 

The CPU has a separate 256-bit read bus. All other read accesses are 256-bit accesses are over a shared 64- 
bit read bus. Interleaving CPU and non-CPU read accesses means the effective duration of an interleaved 
access timeslot is the DRAM access time (3 cycles) rather than 4 cycles. Interleaving is achieved by order- 
ing the DIU arbitration slot allocation appropriately. 

Figure 68 shows interleaved CPU and non-CPU read accesses. 
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Figure 68. Interleaving CPU and non-CPU read accesses 



20.7.2,3 Interleaving read and write accesses 

Having separate write data busses means write accesses can be interleaved with each other and with read 
accesses. So now the effective diiration of an interleaved access timeslot is the DRAM access time (3 
cycles) rather than 4 cycles. Interleaving is achieved by ordering the DIU arbitration slot allocation s^pro- 
priately. 

Figure 69 shows interleaved read and write accesses. Figure 70 shows interleaved write accesses. 



pclk 



rmjn_p_rTri_pjnja.fij~LJ^^ 



256-bit buiferek write _ 
for SoI^EC Unit n 




diu.dat3[63 



256-bit buifefed write data 
for SpPEC Unit m 



Rgure 69. Interleaving read and write accesses with 3 cycie random DRAIM accesses 



Write data still takes 4 cycles to transmit over 64-bit busses so 256-bit buffers are required in the DIU to 
gather the write data from the requesters. 
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i3 




256-bit buffered write data I 
foF SoPEC Unit m 



256-bitlbuffered write data 
for SoPEC Unit p 



I I I 

Figure 70. Interleaving write accesses with 3 cycle random DRAIVI accesses 



20.7.3 Boawidths y 

Table 69. SoPEC Dili Requesters Data Bus Width 









CPU 


256 (separate) 


CPU 


32 (OPEN ISSUE) 


cou 


64 (shared) 


SCB 


64 


CFU 


64 (shared) 


CDU 


64 


LBO 


64 (shared) 


SFU 


64 


SFU 


64 (shared) 


DWU 


64 


TE(TO) 


64 (shared) 






TE(TFS) 


64 (shared) 






HCU 


64 (shared) 






ONC 


64 (shared) 






LLU 


64 (shared) 






PCU 


64 (shared) 







20.7,4 Conclusions 



Reads and writes can be interleaved with a separate 256-bit read bus for the CPU for minimum latency 
DIU access. Interleaving can be performed by inserting write accesses or CPU accesses between shared 
read bus accesses. The interieaving is achieved by ordering the DIU arbitration slot allocation appropri- 
ately. 
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20.8 



SoPEC DRAM ADDRESSING SCHEME 



The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbit of DRAM. 

Most blocks read or write 256 bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 1 9 address bits i.e. bits 21 -3 are required 

• CPU writes can be 8, 16 or 32-bits. The cpu_fiiujMnask[I:OJ pins indicate whether to write 8» 16 or 32 
bits. 

All DIU accesses must be within the same 256-bit aligned DRAM word 
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20.9 DIU Protocols 

The DIU protocols are 

• pipelined i.e the following transaction is initiated while the previous transfer is in progress. 

• split transaction i.e. the transaction is split into independent address and data transfers. 

20.9.1 Read Protocol except CPU 

The SoPEC read requestors, except for the CPU, perform single 256-bit read accesses with the read data 
being transferred from the DIU in 4 consecutive cycles over a shared 64-bit read bus, diu^data[63:0]. The 
read address <unit>_diu^adr[2l:5] is 256-bit aligned. 

The read protocol is: 

• <unit>jiiu_jTeq is asserted along with a valid <unxt>_diujradri21:5], 

• The DIU acknowledges the request with diu_<unit>jrack. The request should be deasserted. The min- 
imum number of cycles between <unit>^diu^rreq being asserted and the DIU generating an 
diu_<uidt>jrack strobe is 2 cycles (I cycle to register the request, 1 cycle to perform the aibitration - 
see Section 20.13.6). 

• The read data is returned on diu_data[63:0] and its validity is indicated by diu_<unit>_rvalid. 

• When four diu_<unU>_rvalid pulses have been received then if there is a further request 
<unit>_diu_rreq should be asserted again. diu^<unit>_rvalid will be always be asserted by the DIU 
for four consecrative cycles. The first diu^<unit>_rwilid pulse will occur 3 cycles after. 
diu^<unU>^ack (1 cycle to transfer the address to the DRAM, 2 cycles for the read data to be 
returned from the DRAM). 



pclk 

<imit>_diu_rreq 
diu_<unit>_rack 



<unit>.diu_radr[21:5] | \ 
diu_<unit>_rvalid 



diu_data[63:0) \_ 



I 1 I 2 I 3 I 4 



Figure 71. Read protocol for a SoPEC Unit making a single 256-bit access 



20.9.2 Read Protocol for CPU 



The CPU performs single 256-bit read accesses with the read data being transferred from the DIU over a 
dedicated 256-bit read bus for DRAM data, dram^cpu^dataf255:0J. The read address cpujadr[21:5] is 
256-bit aligned. 

The CPU DIU read protocol is: 

• cpu_fiiu_rreq is asserted along with a valid cpujadr[2l:5J, 
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• The DIU acknowledges the request with diujopu^rack. The request should be deasserted. The mini- 
mum number of cycles between cpujdiu^rreq being asserted and the DIU generating a cpu^diu^rack 
strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see Section 
20.13,6). 

• The read data is returned on dram_cpu_data[255:0] and its validity is indicated by diu^cpu^rvalid, 

• When the diu_cpu_rvalid pulse has been received then if there is a further request cpu_diu_rreq should 
be asserted again. The diu_jcpu_rvalid pulse will occur 3 cycles after rack (1 cycle to transfer the 
address to the DRAM, 2 cycles for the read data to be returned from the DRAM). 



pclk 

cpu_diu_rreq 
diu_cpu_rack 




cpu_adr(21:5] [ j j . 



diu_q)u_rvalid 



dram_cpu_data[255:0] [ 

Figure 72. Read protocol for a CPU making a sfngle 256-bit access 



20.9.3 Write Protocol except CPU and CDU 

The SoPEC write requestors, except for the CPU and CDU. perform single 256-bit write accesses with the 
write data being transferred to the DIU in 4 consecrative cycles, over dedicated point-to-point 64-bit write 
data busses. The write address <unit>_diu_wadr[2I:5J is 256-bit aligncd- 

The write protocol is: 

• <unit>jdiu_wreq is asserted along with a valid <umt>_diu_wadr[21:SJ. 

• The DIU acknowledges the request with diu_<unit>_wach The request should be deasserted. The 
minimum number of cycles between <unii>_diujivreq being asserted and the DIU generating an 
diu_<unit>_wack strobe is 2 cycles (1 cycle to register the request^ I cycle to perform the arbitration - 
see Section 20. 13.6). 

• In the clock cycles following wack the SoPEC Unit outputs the <unit>_diu_dataf63:0J, asserting 
<unit>_diu_wvalid. Write data shoxild be output as soon as possible after receiving the wack. Access- 
ing registers, register arrays or SRAMs may incur different delays. The first <unit>_diu_wvalid pulse 
can occur in the clock cycle after diu_<unit>_wact In the case of register array or SRAM access, the 
first <unit>_diu_wvaUd pulse will occur 2 clock cycles after diu^<unit>_wack. 

• Once all the write data has been output then if there is a further request <unU>_diu_wreq should be 
asserted again. 

A timeout mechanism will be implemented to ensure that the DIU will not lock-up if four 
<unit>_jdiu_wvalid pulses are not provided. 



E_I 
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<unit>_diu_wreq 



<umt>„diu_wa<ir[21:5] | j { 



diu_<timt>_wack 



<uiut>_diu_data[63:0] | . I 1 .1 2 | 3 | 4 | 

<umt>_<iiu_wvalid I J 



Figure 73. Write Protocol shown for a SoPEC Unit oialdDg a single 256-bit access 



20,9-4 CPU Write Protocol 

The CPU perfonns single write which can be 8, 16 or 32-bits with the write data being transferred to the 
DIU over the cpu_daiaout[3I:0] bus. The write address cpu_adr[2l:0J is byte aligned 

The CPU write protocol is; 

• cpu^diu_wreg is asserted along with a valid cpu^adr[21:0J and a write mask cpu^diu_wmaskfJ:OJ to 
indicate whe&er an 8, 1 6 or 3 2«bit access is required. 

• The DIU acknowledges the request with diujcpujMzck The request should be deasserted. The mini- 
mum number of cycles between cpu_diu_wreq being asserted and the DIU generating an 
diu_cpu_wack strobe is 2 cycles (1 cycle to register the request, I cycle to perform the arbitration - see 
Section 20. 13.6). 

• In the clock cycle following diu_cpu_wack the CPU outputs the cpu^dataoutpLO], asserting 
cpu_diu_wvalid. Write data should be output as soon as possible after receiving the diu_cpu_wack. 
The earliest the cpu^diu^wvalid pulse can occur is in the fiist clock cycle after diu_cpu_wack 

• Once the write data has been ou^ut then if there is a further request cpu^diu_weq should be asserted 
agaiiL 
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pclk 




cpu_diu_wreq | j 

cpu_adr[2I:0] \i } |; ■ :^ : • . ■ ' . ~| 

q}u_diu_wniask[l:03 | . v . ' | 



diu_cpu_wack 



q>u.dataout[31:0] |- i • . . ; ' ' ; 

q)u_diu_wvalid • | I 

Figure 74. Write Protocol sliown for a CPU making an 8, 16 or 32-bit access 



20.9«5 COU Write Protocol 

Tiie CPU performs four 64*bit writes to 4 contiguous 256-bit DRAM addresses witli tlie first address spec* 
ificd by cdu_diu_wadr[21:3}. The write address cdu_diu_y%fadr[2l:3] is 64-bit aligned 

The write protocol is: 

• cdu_diu_wdata is asserted along with a valid cdu_diu^adr[2I:3], 

• The DIU acknowledges the request with diu_cdu_wack. The request should be deasserted. The mini- 
mum number of cycles between cdu_diu_wreq being asserted and the DIU generating an 
diu_cdu^wack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the axbitzation - see 
Section 20.13.6). 

• In the clock cycles following wackiht CDU outputs the cdu_diu_da(af63:0J, together with asserted 
cdu^diu^wvalid. Write data should be output as soon as possible after receiving the wack. Accessing 
registers, register arrays or SRAMs may incur different delays. The first cdu^diu_wvalid pulse can 
occur in the clock cycle after diu^cdu^wack. In the case of register array or SRAM access, the first 
cdu^diu^wvaiid pulse will occur 2 clock cycles alter diu_cdujwack, 

• Once all the write data has been output then if there is a further request cdu_diu^wreq should be 
asserted agaia 

A timeout mechanism will be implemented to ensure that the DIU will not lock-up if four cpu_diu_\walid 
pulses axe not provided. 
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diu_cdu_wack 



cdu_diii^data[63:0] | - , -1112 13 14 1 [ 

cdu_diu_wvalid I | 



Figure 75. Write Protocol siiown for CDU making four contiguous 64-bit accesses 
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20.10 DIU ARBITRATION MECHANISM 

The DIU will arbitrate access to the embedded DRAM. The arbitration scheme is outlined in the next sec- 
tions. 

20.10.1 Timeslot based arbitration scheme 

Table 67 sxmunarised the bandwidth requirements of the SoPEC requestors to DRAM. If we aliocate the 
DIU requestors in terms of peak bandwidth then we require 36 bits/cycle (at SF =6) and 42,5 bits/cycle (at 
SF = 4) for all the requestors except the CPU. 

A timeslot scheme is defined with 64 main timeslots. The number of used main timeslots is programmable 
between 0 and 64. 

Since DRAM read requestors, except for the CPU, are connected to the DIU via a 64-bit data bus each 
256-bit DRAM access requires 4 pcik cycles to transfer the read data over the shared read bus. The 
timeslot rotation period for 64 timeslots each of 4 pclk cycles is 256 pclk cycles or 1.6 }is, assuming pcik is 
160 MHz. Each timeslot represents a 256-bit access every 256 pcik cycles or 1 bit/cycle. This is die granu- 
larity of the majority of DIU requestors bandwidth requirements in Table 67. 

The SoPEC DIU requesters can be represented using 5 bits (Table on page 229). Using 64 timeslots 
means that to allocate each timeslot to a requester a total of 64 times 5 configuration registers is required 
for the 64 main timeslots. 

Timeslot based arbitration works by having a pointer point to the current timeslot When re-arbitration. is 
signaled the arbitration pointer will advance to the next timeslot. If die SoPEC Unit assigned to the current 
timeslot is not requesting then the unused timeslot arbitration mechanism outlined in Section 20.10.4 is 
used to select die arbitration winner. 

The timeslot pointer advances when the DIU issues the next command to the DRAM. Each timeslot there-: 
fore denotes a single access. The duration of the timeslot depends on the access. 

If the SoPEC Unit pointed to by the current timeslot pointer is not requesting then the slot will be allocated 
according to the mechanism described in Section 20.10.5. 



current timeslot 
pointer 



► 






n-l 


n 


n+1 





























Figure 76. Timeslot based arbitration 

20«10.2 Separate read and write arbitration windows 

For write accesses, except the CPU, 256-bits of write data are transferred from the SoPEC DIU write 
requestors over 64-bit write busses in 4 clock cycles. This write data transfer latency means that writes 
accesses, except for CPU writes, must be arbitrated 4 cycles in advance. The [to be included figure and 
CKplanation] shoAvs why this is necessary. 
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Since write arbitration must occur 4 cycles in advance, and the minimum duration of a timeslot duration is 
3 cycles, the arbitration rules must be modified to initiate write accesses in advance.accordingly. There is 
a timeslot lookahead pointer shown in Figure 77 two timcslots in advance of the current timeslot pointer. . 



current timeslot 
pointer 



timeslot lookahead 
pointer 



n+1 



n+2 



Figure 77. Timeslot based artttration with separate read and write pointere 

The following examples illustrate separate read and write timeslot arbitratioiL 



W 



W 



W 



Programmed timeslot order 



W 



W 



Timeslot arbitration order 



W 



W 



W 



Actual timeslot order 



write 
latency 



Figure 78. Example (a), separate read and write arbitration 

In Figure 78 writes are arbitrated two timeslots in advance. Reads are arbitrated in the same cycle Writes 
can be arbitrated in the same cycle as a read. During arbitration the command address of the arbitrated 
SoPEC Unit is captured. 

Other examples are shown in Figure 79^ Figure 80 and Figure 81. The actual timelsot order is always the 
same as the progranuned timeslot order i.e. out of order accesses do not occur and data coherency is never 
an issue. 

Each write must always incur a latency of two timeslots. If the first write occurs in the first timeslot then 
all following timeslots will incur a latency of two timeslots. This is shown m Figure 78 and Figure 79. If 
the first write occurs in the second timeslots then all following timeslots will incur a latency of two 
timeslots. This is shown in Figure 80. 
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W 



W 



Programmed dmeslot oreder 



W 



W 



W 



R 



Hmeslot arbitration order 



W 



W 



R 



W 



Actual timeslot order 



write 
latency 



Figure 79. Example (b), separate read and write arbitration 



W 



W 



W 



Programmed timeslot oreder 



W 



W 



Timeslot arbitFaiion order 



W 



W 



W 



Actual timeslot order 



write 
latency 



Figure 80. Example (c), separate read and write arbitration 
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W 



W 



R 



TNTT 

i, f 



w 



w 



w 



Programmed timeslot oreder 



Timeslot arbitration order 



Actual timeslot order 



initial write 
latency 

Figure 81. Example (d). separate read and write arbitration 



Table 70 shows the 4 scenarios depending on whether the current timeslot and timeslot lookahead pointers 
point to read or write accesses. 

To be checked and updated: 

Table 70: Arbitration with separate windows for read and write accesses 



m 

m 




hmi] 




read 




write 


Initiate read transfer. 








Inttiate write transfer. 


read1 


reada 


fnjtiate readl transfer 


vvritel 


write2 


Initiate write2 transfer. 


write 


read 


No action. 



If the current timeslot pointer points to a read access then this will be initiated immediately. 

If the timeslot lookahead pointer points to a write access then this access is initiated immediately, or 
immediately after the read access associated with the current timeslot pointer is initiated. 

When a write access is initiated the DIU will capture the write address and will do the DRAM write two 
tiemslots in advance when the associated write data has been transfered to the DIU. 

To be checked and updated: At initialisation, both pointers point to the first timeslot The lookahead 
pointer advances to the second timeslot and die third timeslot in successive clock cycles until it is two 
timeslots ahead of the current timeslot pointer. Then both pointers advance in tandem. At each step, the 
rales in Table 70 are obeyed. This leads to the behaviour shown in the exampes of Figure 78 to Figure 81 . 
CPU write accesses arc excepted from the lookahead mechanism. 
Timing diagrams for these scenarios are shown in Section 20, 13 Implementation. 
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If the selected SoPEC Unit is not requesting then there will be separate read and write selection for unused 
timeslots. This is described in Section 20. 10.5. 

20.1 0.3 Arbitration of CPU accesses 

The CPU can be allocated timeslots like any other DIU requestor. If CPU accesses are interieaved between 
the shared read bus accesses then the DIU timeslots will take 3 cycles as shown in Section 20.7.2.2. The 
timeslot rotation will be fester than 256 pclk cycles. 

What distinguishes the CPU from other SoPEC requestors, is that the CPU requires minimum latency 
DRAM access i.e. preferably the CPU should get the next available timeslot whenever it requests. 

The minimum CPU read access latency is estimated in Table 71. This is the time between the CPU making 
a request to the DIU and receiving the read data back from the DIU. This ignores any latency associated 
with the CPU's caching mechanism. 

Table 71 . Estimated CPU read access latency Ignoring caching 





register the CPU read 
request 


I cycle 


complete the arbitra- 
tion of the request 


1 cycle 


transfer the read 
address to the DRAM 


1 cycle 


DRAM read latency 


2 cycles 


register the read data 


1 cycle 


TOTAL 


6 cycles 



If the CPU, as is hkely, requests DRAM access again immediately after receiving data from the DIU then 
the CPU can access every second timeslot. This assumes that interleaving is employed so that timeslots 
last 3 cycles. If the CPU access latency increases to 7 cycles then die CPU will only be able to access every 
third timeslot. 

If a cache hit occurs the CPU does not require DRAM access. For its next DIU access it will have to wait 
for its next assigned DIU slot. Cache hits therefore wiU reduce number of DRAM accesses but not 
speed up any of those accesses. 

To avoid the CPU having to wait for its next timeslot it is desirable to have a mechanism for ensuring that 
the CPU always gets the next available timeslot without incurring any latency on the non-CPU timeslots. 
This can be done by defining each timeslot as consisting of a CPU access preceding a non-CPU access. 
Each timeslot will last 6 cycles i.e. a CPU access of 3 cycles and a non-CPU access of 3 cycles. This is 
exactly the interleaving behaviour outlined in Section 20.7.2.2. If the CPU does not require an access, the 
timeslot will take 3 or 4 and the timeslot rotation will go faster. A summary is given in Table 72. 

Table 72. Timeslot access times. 









CPU access + non-CPU access 


3 + 3 = 6 cycles 


Interleaved access 


non-CPU access 


4 cycles 


Access and preceding access both to shared 
read bus 
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Table 72. Tlmeslot access times. 









non-CPU access 


3 cycles 


Access and preceding access not both to shared 
read bus 


CDU write access 


3+1+1+1 -6 cycles 


Page mode select signal is clocked at 320 MHz 



CDU write accesses require 6 cycles. CDU write accesses preceded by a CPU access lequiie 9 cycles. 
CDU timeslots therefore take longer than all otiiier DIU requestors timeslots. 

Wth a 256 cycle rotation there can be 42 accesses of 6 cycles. This is just enough timeslots for SF = 4 
operation, ignoring implementation pipeline latencies. 

For low scale factor applications, it is desirable to have more timeslots available in the same 256 cycle 
rotation. So two counters of 4-bits each are defined allowing the CPU to get a maximum of cpu_timeslots 
in totaljcimeslots, A timeslot counter starts at totaljtimeslots and decrements every timeslot, while another 
counter starts at cpujtimeslots and decrements every timeslot in which the CPU uses its access. When the 
CPU timeslot counter goes to zero before totaljtimeslots no further CPU accesses are allowed When the 
totaljtimeslots counter reaches zero both counters are reset to their respective initial values. 

When cpu_timeslots is set to zero then no accesses will be preceded by CPU accesses. The CPU can be 
allocated timeslots like any other DIU requestor. 

If CPU accesses are interleaved between the shared read bus accesses then the DIU timeslots will take 3 
cycles as shown in Section 20.7.2.2 Otherwise the timeslots will take 4 cycles each and the rotation will 
take 256 cycles. 

The various modes of operation are summarised in Table 73 with a nominal rotation period of 256 cycles. 



Table 73. CPU timeslot allocation modes with nominal rotation period of 256 cycles 



m^ilm.^ : k > imjf fc:^ ii 








CPU Pre-access 

i,e, cpu^timeslots = totaljtimeslots 


6 cycles 


42 timeslots 


Each access is CPU + non-CPU. 

If CPU does not use a Ibneslot then lotation Is faster. 


Fractional CPU 
Pre-access 

i.e. cpujimeslots < totaljtimeslots 


4 or 6 cycles 


42-64 timeslots 


Each CPU + non-CPU access requires a 6 cycle 
timeslot 






Individual non-CPU timeslots take 4 cycles if 
current access and preceding access are both 
to shared read bus. 








Individual non-CPU timeslots take 3 cycles if 
current access and preceding access are both 
to shared read bus. 


Interleaved 

l.e. cpujtimeslots = 0 


4 cycles 


64 timeslots 


Timeslot rotation is faster by 1 cycle for each 
CPU, write access or interleaved read access 



20.10.4 Sub-timeslots 

Looking at the bandwidth requirements of the DIU requesters in Table 67, most DIU requesters require 
bandwidths of I bit/cycle or multiples thereof. However, some of the requestors require much lower band- 
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width. This suggests that some sub-timeslots of lower granularity than a nominal 1 bit/cycle should be 
defined. 

There will be 2 sub-timeslots of 4 and 8 slots each. The bandwidth associated with each individual sub-slot 
IS nominally 0.25 and 0.125 bits/cycle respectively, assuming each slot last 4 cycles. Sub-timeslots can be 
allocated to any number of main timcslots so that any multiple of the individual sub-timeslot bandwidth 
can be obtained. 

Table 74. Sub-tlmeslot definition 









Sub4timeslot 


4 


0.25 bits/cycle 


SubStimeslot 


8 


0.125 bits/cycle 



Each sub-slot pointer gets advanced each time it is accessed regardless if it slot is used or not 
Sub-timeslots are similar in aU other ways to main timeslots i.e. 

• they can have preceding CPU accesses in a similar manner. 

• imused slots are decided by the same unused timeslot allocation mechanism (Section 20. 10.5). 

• a timeslot lookahead pointer is used to select writes (except for CPU writes) early to compensate for 
write data transfer latency. 



current timeslot 
pointer 
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n+1 


n+2 
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sub4timeslot 
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2 


3 



sub3timeslot 



Figure 82. Example sub-timeslot aUocation 

An example sub-timeslot allocation is shown in Figure 82. 

Every time main timeslots m and /i are accessed, the SoPEC unit pointed to by the pointer in sub4timeslot 
will win aitjitration and the sub4timeslot pointer will advance. Similarly, every time main timeslots 
andp are accessed, the SoPEC unit pointed to by the pointer in subStimeslot will win arbitration and the 
SubStimeslot pointer vdll advance. 

20.10.5 Allocating unused timeslots 

Unused slots are re-allocated on a two-level round-robin basis. This is best-effort traffic. 
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Each SoPEC requestor has two associated bite, RoundRobinLevel indicates whether it is in level 1 or level 
2 round-robin, and RoundRobinEnable indicates whether it is enabled or not in the selected round-robin. 

Table 75. Round-robfn selection 



RoundRobinLevel = 0 


RoundRobinEnable = 0 


Not enabled 


RoundRobinEnable = 1 


Level 1 


RoundRobinLevel - 1 


RoundRobinEnable 0 


Not enabled 


RoundRobinEnable = 1 


Level 2 



Separate read and write round-robin trees are needed, one for read accesses and one for write accesses. 
CDU write accesses cannot be included in the round-robin allocation for write as CDU accesses take 6 
cycles. The write accesses which the CDU write could otherwise replace require only 3 or 4 cycles. 
Robin-robin allocations do not have CPU pre-accesses. 

A pointer points to the current allocated unit in each of the round-robin levels. If the unit pointed to the 
level 1 round-robin is requesting then this unit wins the arbitration and the pointer is advanced If the unit 
pointed to in the level 1 round-robin is not requesting then the next units in the level 1 round-robin are 
examined. When a requesting unit is found this unit wins the arbitration and the pointer advances to die 
next unit. If no unit is requesting then the pointer does not advance and the second level of round-robin is 
examined in the same way as first level of the round-iobin. 



Table 76. Write round-robin registers bit order 




CPU(W> 



SCB 



8FU(W) 



owu 



20.10.6 Background refresh controller 



A background refresh controller should be implemented that wUl issue a refresh and pause the timeslot 
rotator in case data is about to be lost This scenario will only occur in the situation that insufficient 
timeslots were allocated for refresh. 
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20.1 1 Guidelines for programming the DIU 

Some guidelines for programming the DIU arbitration scheme are given in this section together with an 
example. 

20.1 1 .1 Implementation pipeline latencies 

The number of allocated timeslots for each requester needs to take into account implementation pipeline 
latencies. The number of timeslots is made programmable. This means 1 or 2 timeslots can be removed to 
allow for implementation latency. Each timeslot will allow for 6 cycles implementation latency in CPU 
Pre-access mode and 3 cycles otherwise for each single timeslot allocation in a rotation.. If units are allo- 
cated more than 1 timeslot in a rotation then the gap between slots may need to be reduced additionally to 
allow for in^3lementation latency. 

20.11.2 Ensuring sufficient DNC and PCU access 

PCU command reads from DRAM are exceptional events and should complete in as short a time as possi- 
ble. Similarly, we must ensure there is suflBcient free bandwidth for DNC accesses e.g. when clusters of 
dead nozzles occur. In Table 67 DNC is allocated 3 times average bandwidth. PCU and DNC can also be 
allocated to the level 1 round-robin allocation for unused timeslots so that unused timeslot bandwidth is 
available to them. 

20.1 1 .3 Basing timeslot allocation on peak bandwidths 

Since the embedded DRAM provides sufficient bandwidth to use 1:1 compression rates for the CDU and 
LBD, it is possible to simpUfy the main timeslot and sub-timeslot allocation by basing the. allocation on 
peak bandwidths. The only variable in determining timeslot allocations then becomes the scale factor. 
If slot allocation is based on peak bandwidth requirements then DRAM access will be guaranteed to all 
SoPEC requesters. If we do not allocate slots for peak bandwidth requirements then we can also allow for 
the peaks deterministically by adding some cycles to the print line time. 

20.1 1 .4 Adjacent timeslot limitations 

All DIU requesters have state-machines which request and transfer the read or write data before requesting 
again. The time to perform this <^eration is greater than the time between adjacent timeslots. Therefore 
adjacent timeslots should not be assigned to a particular DIU requester because the requester will not be 
able to make use of all diese slots. 

20.11.5 Line margin 

The SFU must output 1 bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DEO\M word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
. vide 1 bit/cycle to the HCU. This could lead to a stall by the SFU. This stall could then propagate if the 
margins being used by the HCU are not sufficient to hide it The maximum stall can be estimated by the 
calculation: DRAM service period - X scale factor * dots used from last DRAM read for HCU line. 
Similarly, if the line length is not a multiple of 256.bits then e.g. the LLU could read data from DRAM 
which contains padded zeros. This could lead to a stall. This stall could then propagate if the page margins 
cannot hide it. 

A single addition of 256 cycles to the line length will suffice for all DIU requesters to mask these stalls. 
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20-1 1.6 Example DIU programming 

A fiill example to be worked out 



Program MainTmesior and SubnTimesht configuration registers (Table 82) for peak required bandwidths 
of SoPHC Units according to the scale factor used for the document. 

Program unused slots to use the round-robin allocation to share unused slots between all DIU requesters. 
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20-12 CPU DRAM ACCESS PERFORMANCE 

This section does not yet reflect any implementation pipeline latencies. 

The CPU's share of the timeslots can be specified in terms of guaranteed bandwidth and average band- 
width allocations. 

The CPU's access rate to memory depends on 

• the CPU read access latency i.e. the time between the CPU making a request to the DIU and receiving 
the read data back from the DIU. 

• how often it can get access to DIU timeslots. 

Table 71 estimated the CPU read latency ignoring caching as 6 cycles. 

How often die CPU can get access to DIU timeslots dqjends on the access type. 



Table 77. CPU DRAM access performance 











Ufu Pre-access 


6 cycles 


Lower bound (guaranteed 

bandwidth) is 

160 MHz /6 = 26.27 MHz 


CPU can access every timeslot 


Fractional CPU 
Preraccess 


6 cycles 


Lower bound (guaranteed 
bandwidth) is 
(160MHz*N/P) 


CPU accesses precede a fraction N of timeslots 
where N = C/T. 
C = cpu_timeslots 
T = totaljtimeslots 
P^(6*C+4*(T'C))/T 


Interleaved 


4 cycles 


See Section 20.12.1 


At SF 6, 28 timeslots available for CPU. 
At SF = 4, 21 timeslots available for CPU. 



For CPU Pre-^cess and Fractional CPU Pre-access modes average and guranteed CPU bandwidth are 
equivalent since the CPU is limited to a certain fraction of timeslots. 

If the CPU runs out of its instruction cache then instruction fetch performance is only limited by the on- 
chip bus protocol. With a 2 cycle bus protocol (address cycle + data cycle) the performance would be 80 
MHz. 



20.12.1 CPU DRAM access performance with interleaved access mode 

Table 78 shows the guaranteed periodic CPU access with 4 cycle DRAM access and pclk » 160 MHz. 
Table 78. Guaranteed Periodic CPU access with 4 cycle timeslots and p^k= 160 MHz 



m 




ii if 






Timeslots left for CPU 


28.25 


21.5 


Maximum wait for timeslot 


12 cycles 


12 cycles 


CPU rate 


13.3 MHz 


13^ MHz 



Since timeslots are integral multiples of 4 cycles the maximum wait for a timeslot and hence minimum the 
CPU rate must reflect this. 
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Table 79 shows the average CPU access with 4 cycle DRAM access and pclk = 160 MHz, This will be a 
bursty access. 

Table 79. Average bursty CPU access with 4 cycle DRAM access and pclk^ 160 MHz 



Timeslots left for CPU 



Maximum wait for limeslot 



CPU rate 



34.95 



8 cydes 



20 MHz 



30.6 



12 cycies 



13.3 MHz 



Interleaving of CPU and write accesses with shared read bus accesses will mean some of the timeslots will 
take 3 cycles rather than 4 cycles. This will mean that CPU slots will be a\^able more frequently and 
higher CPU perfonnance is attainable. 
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20.13 Implementation 

The DRAM Interface Unit (DIU) is partitioned into 2 logical blocks to facilitate design and verification, 

a. The DRAM Access Unit (DAU) which interfaces to the SoPEC DIU requesters. 

b. The DRAM Controller Unit (DCU) which accesses the embedded DRAM. 




DRAM Access Unit (DAU) 




DRAM 




eDRAM 






Controller 










Unit 










(DCU) 







Figure 83. DIU Partition 

The basic principle in design of the DIU is to ensure that the eDRAM is accessed at its maximum rate 
while keeping the circuit latency for each access as low as possible. 

The DCU is designed to interface with single bank 20 Mbit IBM Cu-1 1 embedded DRAM perfonning 
random accesses every 3 cycles. Page mode write accesses, associated with the CDU, are also si^ported. 

The DAU is designed to support interleaved accesses allowing the DRAM to be accessed every 3 cycles 
where back-to-back accesses do not occur over the shared 64-bit read data bus. 
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20.1 3.1 Definition of DCU lO 

Table 80. DCU fnterface 



MMmEEmmmmwmi^MmmmEmMM 



Clocics and Resets 



pdk 


1 


In 


SoPEC Functional dock 


prst_n 


1 


In 


Actlve-low. synchronous reset In pclk domain 


Inptfts from OAU 


dau_dcu.€:mdavail 


1 


In 


Signal jndicatinQ a DAU command is availabte i.e. 
dau_cmd^a<fr, dau^cmd^iwn and Oau^cmd^refrBsh are valid. 


dau.dcu_cmdadf(21 :S] 


17 


In 


Signal indicating the address for the DRAM access. This fs a 
256-bit aligned DRAM address. 


dau_dcu_cmdrwn 


1 


In 


Signal indicating the direction for the DRAM access (1=read« 
0=write). 


dau_dcu_cmdr6fresh 


1 


In 


Signal indicating that a refresh command is to be issued. If 
asserted dau^cmd_adr and dau^cmd^twn wiB be ignored. 


dau_dcu_wdata 


256 


In 


256-bit write data to DCU 


dau_daj_wmask 


256 


In 


256-bit write data masic to DCU 


dau.dcu_wvafid 


17 


In 


Signal indicat'ng valid write data and write mask. 


Outputs to OAU 


dcu__daLr_cnxlaccept 


1 


Out 


Signal indkating that the DCU has accepted a valW command 
from the DAU. 


dcu_dau_refreshcomplete 


t 


Out 


Signal indicating that the DCU has completed a refresh. 


dcu.dau.idata 


256 


Out 


256-bit read data from DCU. 


dcu_dau_rrvaDd 


1 


Out 


Signal incScating valid read data on dcu^tdata. 


Outputs to DRAM 


1 


Inputs from DRAM 


1 1 


1 
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20.1 3.2 Definition of DAU lO 

Table 81. DAU Interface 



Clocks and Resets 


pdk 


1 


In 


SoPEC Functional ck>ck 


prsl_n 


1 


In 


Active-iow, synchronous reset in pdk domain 


CPU Interface 


cpu_adr(9:2) 


8 


in 


CPU address bus. 8 bits are required to decode the 
address space <6r this block 


cpu_dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


d]u_cpu_data(31 :0} 


32 


Out 


Configuratk)n. status and debug read data txjs to the CPU 


cpu.rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_aoode[1:0] 


2 


In 


CPU access code signals. 

cpu.acode[0] - Program (0) / Data (1) access 

cpu.acodejl] * User (0) / Supervisor (1) access 

The DAU will only allow supervisor mode accesses to data 

space. 


cpu^diu.set 


1 


tn 


Block seiect from the CPU. When cpu_diu^sefi9 high both 
cpu_addran6 cpu^dataaut are valfd 


diu_qHJ.fdy 


1 


Out 


Ready signal to the CPU. When diu^cpu^rdyls high it indi- 
cates the last cyde of the access. For a write cycle tttis means 
cpiLdataouf has been registered by the block and fbr a read 
cyde this means the data on diu^cpu_data is valid. 


diu_cpu_befT 


1 


Out 


Bus error signal to the CPU Indicating an invaUd access. 


DIU Read Interface to SoPEC Units 


<unit>_diu_rreq 


1 


(n 


SoPEC unit requests ORAM read. A read request must be 

accompanied by a vaDd read address. 


<unil>_diu_fadr[21 :SJ 


17 


In 


Read address to DIU 

17 bits wkle (256-bit aligned word). 


diu_<URi^_rack 


1 


Out 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on <unit>_diu^radr 


dlu_data(63:0] 


64 


Out 


Data from DtU to SoPEC Units except CPU. 
Rrst 64-bits is bits e3K) of 256 bit word 
Second 64-blts is bits 127:64 of 256 bit word 
Third 64-bits Is bits 191:128 of 256 bit word 
Fourth 64-blt8 is bits 255:192 of 256 bit word 


dmm_cpu_data(255:0I 


256 


Out 


256-bit data from DRAM to CPU. 


diu_<unrt>_rvalid 


t 


Out 


SignaJ from DIU teiling SoPEC Unit that valid read data is on 
the diujdaxa bus 


DIU Write Interface to SoPEC Units 


<unlt>_diu_wf©q 


1 


In 


SoPEC unit requests DRAM write. A write request must be 
accompanied by a valid write address. 


<unit>_diu_wadr(21 :5] 


17 


In 


Write address to OIU except CPU, CDU 
1 7 bits wide (2S6-bit aligned word) 


cpu_adr(21;0] 


22 


In 


CPU Write address to DIU 

22 bits wkJe <8-bit aligned word) 

Addresses cannot cross a 25S-bit %vord DRAM boundary. 
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Table 98. COU registers 



0x64 



^'pgDecTData 



«^90ecPValue i6 



13 0x0000 



OxBC 



•^POOecStatus 



0x0000 



22 0x00^0000 



13 . TSOS oulpatof jnS^tes^^ 
put t^oi the first M block of the test data 

put byte of each 8x8 brock of test data 

^"^^ - ^^^ays OCT 
coefffeients or quantized coeffidents dependina on 
value of jrpgOecTTKpe. H^namgon 



Decodrng parameter bus which enables various 

parameters used by the core to be read. The data 

l^ H^ '^^'^^ ^ infbrmation onTy. 
and does not contain contnol eionals fbr the decoder 
core. 



22.5.3 



at 21 •pg.ooio_staaots^ indicaies that the JPEG 

S'^^*l'^«^""0°'i=*"'he output JPEG^^ 
halftfcx* dotilrie-tMrffem of the COU aw MO 

Bits19-16 - m^contents (FIFO at bipiit of JPEG 
oecoder core) 

CS6150 (see Table 100 fordescripttonofbitir 



Typical operation 

TTie CDU should only be started after the CFU has been started 

Users then set the CDirsCrMt^^S^/^ -^^^ BuffEf^lockAdr^NumBttf.. 
for the band has finished beta. 7.:^n!T?^ contone data 

indicating that the memoo. a^d^^tt, thf^ "^^'^ be sent to the PCU and CPU 

band of contone data. ^ band is now fiee. Processing can now start on the onct 

for restarting the CDU bet«4«lUi: ^ ^ * ^NexiBandEnabte. There are 4 mechanisms 

already ..the CDU^artsproSg'SnttbSii:!^^^ 
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22.5.4 Read control unit 

receiving the data fiom the DIut<!Tcl^^i^6^^^ , ^ 256-bit accesses, 

accesses to DRAM is described in sectio^?a9TS i^^H^'^ "^"^^ ^ 

by means of die state nu«:hinc described in K^re Tof implemented 

ftwhethertoattempttoxeadab^dofc^^r^^SLttn^^^ 

does nodung. When DoneBand is cleaT^S^h^!^^ "ffbea OoneBand is set. the state machine 
up to 256-bits at a time while Jhe«S contmues to load data into die JPEG input HFO 

knowledge about n^^u^^"n^Z^' ^"'^ ^'^^ "^Wne hS no 

by consecutive «ads ftom ^S^-^^S^^^S^^^ ' " '^'"'l^^' ^^G input FIFO fiUI 
«le^atthepe,kDRAM^bandwJ<S.%T«SS^^^^^^ 

^X^-r:^^ ~ts^'!5^ "^^ir ^ ^ ^^^^'-^ «ad access. . is 
diu_cdu_rvalid being as^Sf^'^ J^TS- It ^ «>y 

endMandstore: « compared to both end_faurce_adr and 

* J^^^^^Mt^e^Sd)!^;^ - - the 

^^.^^itvaluesinthiu^Sf^^ 

' ''cJrjZZ^Ti^^J'^^^^^ ^ - eq-a, end^oun._.dr. then 

whether cwrr ^o«^ arfr ^vS^^/Tf^-^ T " «'^-*'>^«-«'*- + L depending on 
FIFO is 0. ~ ~ '^^'^'^-''■^-''''''^■^^^ 

<^-foUKe_adr is ovtput to ±eDIU as cdu_diu_radr. 

t '^--^^--^a/Z^is I and .^.^ is 

incremented. "^"^ ^J^o_comentsp:0] zxAfifo^y^_adrp:0] are both 

data ftom the RFO. Note it is 1^ poSblf to b^^S^^^EG ''"^ '* " "^'^ *° '^'^^^ 

•ster to 1 . In this case data is sent Lctiy Jm^fpiro to tS.?^f IS" *^ w ''^vf v "1 -"^/p^ reg- 

decoder is riot stalled {jpg_core stall eouaJ oTanH *° double-buffer. While the JPEG 

a byte of data is ^r.^^y^%^^}:^i^'y'^<''\^'^M ^ijpsJn^trb are both I. 

next byte. n.e read address ^^^^^i^^\-^r'^^''''J incremented to select the 
''"J^ a ligned, i.e. die upper 3 bits are mput as the read address for the FIFO 
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Reset QBpTRi n— 
^nof^data« 0 

reset ^ 



odu^dltiLrreq « O 
ore.data « 0 



cdu_diu_rreq * 0 
(gnofe.data - 0 



< 



idle 



< 



> 



odu_diu.rreq e o 



req 



c 



3 



cdu^iSsu_neq « t 



ack 



1 



<adu jdiuL/req « o 



^ read ^ 



cdu.diu.rrttq«o 
fonore^datBe 1 



Figure 101. State machine to read compressed 



contone data 



22.5,5 Compressed contone FIFO 



Sth ^,'^^!,tZV^ 'f;"" -conunodate two 256-bit accesses), 

ten to the FlFC^tThw^ ^o^^ 'f-'^f-'^^- Whenever 64-bit data is wri 

When end_f,f band - iXSbm ^ "'"'^ « last transfer, 

sion of the s«;r^ ^ ^ ** ^ ^'^^^^^Petch register is also copied to an image vt- 

spon.tobits..0.seco„db.et^:l^-— 



SoPEC : Hardware Design 



Si 



22.5.6 



- HFO (as an additioaaJ cffectTSsl,e?Su^^ „' compressed contone data has been read 

tonedatamustbe more than4 x S-bito^ 32 J^) ™ '^^^^'^ •'-"""^n- 

CS61S0 JPEG decoder 

length as this is a modification to the core. ^^"^ than 64k lines 

:?dS2'^^rbe1n«oSl^^ 

pixels in the correct color order. T^edatl^^^^ClrSre'^^^^ 

The following subsections describe the means by wWch the CS6150 internals can be made visible. 

2ZS.6.1 JPEG decoder parameter bus 

The decoding parameter bus JpgDecPValue is a ^ * ' 

from the input data stream and'Lendy by t^^^r^S. P^eters extracted 

mmcs which internal parameters are di^la^S on 2e t (/pgDecPJ^pe) 

thePF«/„e port does not contain controTifS^^'fy^S^^O^ 

Table 99. Paramoter bus definftions 



FVt15:0J 



FXflSrOI 



FY: number of fines in frame 



FX' number of columns in frame 



_ J — . . m ^iMnwia in irarne 
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Table 99. Parameter bus definitions 




0x4 



0x6 



0x7 



00_XMCU[13:0] 



Cs0[7;0LTq0(l :OLV0r2:01 
^H0(2:0] 



]^MCiJ-^^ of MCUs fn X tfi^n of^^ 



Cs1[7:0LTqt{i:0LVl(2:0J 
_H1(2:0J 



Cs2I7:0LTq2I1.-01 V2t2:0] 
^H2C2:0J 



CsO: Wentifrer f6r the first scan component 
TqO: quantization latHe Identiffer for the fin^t scan compo. 

vlT^T"''''^'^ "^"^"^ component. 



Csl. ,q,, VI and HI for the second scan component" 
VI. HI undefined if ns<2 



Cs3I7:OLTq^1:C^V3p:0] 
^H3(2:0J 



CS2, . q^. v:. and H2 for the second scan convonent 
V2, H2 undefined if NSO 



Cs3. Tq3. V3 and H3 for the second scan component " 
V3, H3 undefined if NS<4 




HMAX: ma^l horizontal sampfing factor in fi^me 
VMAX:a^ 




sent to the CPU by assertimr cdu toT^lS^^ the JPEG decoder is suspended and an intenupt is 

the y/«Dcc5teto l^wSs ^ ^'^'^^ "'"^ reading 

prsi^ or by a soft X of ie CDU ^eT^viS S '"^^ ^ """^ 

high to indicate an error condiu^n^ 2L^toSle ToS ''^'^'^ set to zero at i«et and active 

is required from the us« If any of ^hT!^ ^ at the start of the next unage and so no inteivention. 
ceUation. the core Xdil^'^it^^^tilX^n^ttt^fl^ 

more eirors. (SOI) without triggering any 



"^^^^^^ ^^^^ "^g^^^*^ definitions 




11-8 



TbIDef[7:4J 



TblDeff3:0J 
DecHfError 



Indicates the number of Hmfman taWes defined itSS^ 



indicates the number of quantization tables defined ihtt/rohu 



Set when an undefined Huffman tabfe symbol is referenced during decoding. 




m 
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HtError 



QtError 



OecEnror 



«e, wnen an invaBd SOK^TrameS'o'r'a; bJo^S^^^^ZS 
Note mal SoPecs '>npte««flte3S cSfi^^^. "^^^ 



Set when an invalid DHT segment is detected. 



Set when an invalid DQT segment is detected 



Set when anything other than a JPEG marfcer is Input 
Set when any of E3ecRagsf6:4J are set 




22.5.7 Half-block buffer interface 



to stall .be JPEG decoder co« JSo^^t^'^^^EGu^Jt ^ 
pixel). We pnmde a mechanfam for SJaff^ 5 bound^ after 32 pixels (8 bits per 

Jpg.con,^tan is 1. The SSck buSit«^r.^~ -w?*! 8«»«8 clock to the cote when 
half JPEG blocks to decwrolc JPFO T ! responsible for providing a set of double buffered 

DRAMfwritecont^Sj^^troLco^l^tl^:^^^ --^B *ose JPEG blocks to 

only asingle color plane. DataexitslSe^eiSS^ " 644ut quantities for 

"Hie lialf^ilock buffer interfiiee therefore consists of 2 single JPEG half KWi, k «• 

combuiatorial logic, as shown in Figure 102. half-block buffers and some simple 



put_out_valW - 



jpO_<»fe_stoll ^ 
fc<k_enable ^ 



hair-bioek Iniftur Intarta, 
» 



half<fa(ock txiffer 
select unit 



Jd_adv_hatf_l)tedc 
— rd.adv 



oontone 
plane 
buffer 



hail,bk>ck.oie.to.iead 



64 



cdu_diu _data(63:0] 



Figure 102. Block diagram of half-block buffer Interface 
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22.5.7.1 Half'blQck buffer select unit 



22.5.7.2 Contone plane buffer 

E«:h^«>ntone plane buffer consists of two half JPEG block buffer 



as showD in block diagram fonii in Fig- 



rd_bui}. 



*w_buff. 



r 



F=0- 




rrf en 



prxel data , 



JPEG 
haif-Moek buffer 1 




contone plane I 



od«j.dlu.data(63:0] 



Figure 103, Contone plane buffer interface 
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Write control unit 



ORAM wordp 
DRAM word 



4rjn0 



4line 



ORAM word 

ORAMvuordq 
DRAM word q+4 



JPEG block 1 
fines 0 to 3 











ORAM word 



DRAM 

JPEG WoekO f 
fines 0 to 3 i 





tLO 1 C 


±0 1 c 


to t 




LI 1 q 
— 1 — 


Lt J C 


LI 1 C^LT 




U 1 c 


L2 1 C 


L2 1 ciu 


CSLS 1 cl 


!l3 I CI 


L3 t C0L3 



wofdp 
wordp^l 
wordp^2 
wordp+s 



JPEG block n 
fines Oto3 



JPEG block 0 
lines 4 to 7 



255 



191 



127 



JPCGWockl 
fines4to7 



JPEG bkx*n 
8ne34«o7 




► 64 bit writes to consecwttwe 

Jignfe to one ORAM fcSa^Ste 
COU access to DRAM 

CX - Color X 

ly - Une Y or 6 bytes of a Ine In a JPEG bkiek 



n««r. KM. ORAM «o™g. «„„„„„« ,„.,,„„,„„ ^ JPEG «« 61.*. In « »lo™ 

block 0, color 0, line 0 in wr<l p bits €3-0 Hn« i < 

-> • 2; ^' ^ ^" word p+1 bits 63-0 

line 2 xn word p,, 63-0. ai„« 3 in worl pO bi J 63-'o 

0. color 0, li^e . i„ , „-0. line 5 i„ word bita 63-0 

l.ne 6 .„ „ord bits 63-0. line 7 in «or^ ,o bit. 63-0. 

bloclc 0. color 1. line 0 in word p bics 127-6*. li„, i i„ p., 

line 2 in word p*J bit- 127-64. line 3 in wori p*3 bita 127-64. 
bloc. 0. color 1. li„ , i„ ^ ^ ^ 

line 6 x„ word q.2 bite 127-64, line 7 in word a*3 bits" 7.«4, 
r«peat for block 0 color 2, block 0 color 3 

bloc. 1. color 0. line 0 in word p.4 bi« 63-0, line 1 i„ p.5 bit« 63-0. 

etc. 
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only 64 biB out of U>e 2^bi, ZJZ S DR^fc^X^^t™*™^ *•» S 

f»alf_bloek_ok_io read and line x/«J^r; It set, the state machine relics on th« 

block to DRAMrOacete 'S^SS^''^^:!;^^^ 

requests a write access to DRAM by^L«S cTX^ * ^^"^^ «ate machine 

mg to the fim 64.bit value to be ^C^t^f .i^l^? S^'T \^ '^^^ 
access of 4x64 bits is issued by the CDU Th! ^ ^'^ ^ value in each 

fourth 64-bit values). The state^mS^l^e Sel^^^J^o ^^tt "^"^ «^ 
«« a read of 4 64.bit values ftom the halAWoT^eSX^ acknowledge from the DIU before initiat- 

the cdu^diu^data bus and should be vS« toS^^^fi ^^^J^'*" ^'^l « Present on 

is then sent to the half-block bXl^tSt Et th'lt"'" ^ «/_«AUiaoLfcpuS 

" •"fif -AJre., output to DRAM 

// ''^ "nen«rtber. only first address ie 

// issued for each VRMi access. Thus lln- 77 , „ 
cd^diu_«adrt4:3, - color " bit'. Ic^^he ^^a^L:''"^" 

if (half == 1) then 

^^^cdu_di^^^„i,„ . .upr^a«,locK_adr „ ... ^^^^^ 
cdu.di^w.dr.«., . l.r.,.in.l.e<.adr ... ^.3 ^^^^^ 

// update half, color, block 

it <rd.adv_half^iock -= l)The„ " '^'^'^ ^''^'^ 

Access 

if (half 1) then 
half s 0 

if (color «= inaxj)i«ne) then 
color 0 

if (block == rnax^block) then // end of w.^.-- 

pulse vnradvSline writing a line of jPEG blocks 

block a 0 

// update half block address for et.*-.- * 

// account of address wrapping in cr^u^LT^/^''^ ""^^ ^'^^^^'^ ^^-'^^'^^ 
-f (upr_halfblock^adr buff^n^^ thL ' ^"'^^^ 

upr_halfblock_adr = buff start * 
elslf (upr_halfblock^.dr . ^ llzlT.^T'it^^^^ \' 

upr^halfblock.adr = buf f^stlrtladr f-end^adr) then 
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else • "'^'^--""ocK.adr * ™^Wock * 2 

block 

^^^^ up.,MX.«oc.^,.. „ ^^^^^ ^^^^ 

color ++ 

else 

half =1 

if (color == max^plane) then 

if .bloc^ »ax_bloc)c, then // ^ of writing , li„e of JPEG bloclcs 
// update half block address for starr «*»^4- i ^ ^ 

Iwr^halCbiock^adr » buff start adr - m_ caen 

else ~ 

lwr_halfblock.adr lwr.halfblock_adr + nuu^^block + 2 

else 

„ ^^^^^ ^^^^^ 
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Go ecQ 

cdu_dlu_wreq a o 
cdu_diu.wvBlIdBO 
r0.adv«O 
Rf.adv_halfj3iodc«o 



c<Ju_(wj_wreq « 0 
c(fu_dhi_wvaKd > 0 
rd.atfv«o 
M_adv_harf_block«0 

( reset 1 



idle 



c 



odu.diu^wvaitd e o 
fd_adv m 0 

'd.advLhalLbtock « 0 



rcq 



> 



cdu.dbi.wreq « 1 
cduudtu.wvaildsO 
nf .adv e O 

n*-.adv,haiU)tock«o 



ack 



c 



3 



dhj cd.i w»nf ^ , 
oou_diu_«vreq » o 
odu_diu_wvHJjd m 0 
rtl_adv a 1 

«Ladv_haf(_block « 0 



read 



c 



3 



cdu-dlu.wraottO 
<x}u_diu.«vvaOd « i 
rd_«dv« 1 

rd^adv_halLblocf( m q 



write 1 



c 



3 



«0 



cdtL.dlu_wreq « 
cdu_dU|.%wsfid - 
id_adv« 1 
fd.advLhaif.btock 



write2 



c 



3 



cdu_dlu_wreq « 0 
cdu_d2u.wvaOd tz i 
rrf_adv ■ 1 

«l,adv_haflLblock-i 



write3 



c 



3 



cdu^diu^wreq « 0 
rd_adv • 0 

(d.adv_haHLb(ock»0 



writc4 



> 



cdu_diu_¥rt-oq « o 
odu_tf(u_wvaIid » o 
(d.edv B 0 

iitf_ady_ha»L.Wock - 0 
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22,5.9 Contone line store Interface 

S^"S:Sul"est,^^'<;f ^ r^'^^^ <^-^o' -er the shared resource i„ 

write to. Thus the size of the line s^^n^M^^ft^l, the CDU to 

bne store interfece is 8 lines. proSe a^^hu^^ "l^'' ' f ^ of 
scheme while 16 lines pxovi.l^7d3^"^S''sc^^^^ "^"^ sizes i« ,2 lines for a 1.5 buffer 

set to the value of num buff iT^^Tc^^^^^Tt ^ "^^"^ fiom 0 to 1. numjines_avail is 
available for 8 lines, i^^o^^t^^yj^^'^^u^ «^ 'o"8 there is space 

^vriting 8 lines, the ^te ^S^^ ^Zl^^^^l^^c:^ ^'^^ ^ «^ed 

CFU. and num lines awM is deaemertT^ht; T • '^''^^ 

///«^_oJLr._;;«/et-^setiair^^??is^^^ for 
priately.and sends its own n&<A./^S^toSlcS3?S^^^^^^ 
itfinish.readingthen.«^^^:jSir:^^r;r^^^ 



♦ 
♦ 
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23.1 OvERv^iew 



23.2 Bandwidth requirements 

DRAM. The HCU generates 1 dot (bl^^ ^LTT^ of tunes, accordmg to the Y-scale factor, from 
I f <^ seconds' for^bl^A^ - -'"eve aprint sp;«, of 

color contone pixel (32 bits) every SF cycles *° ^ «VPlied with a4 

fixMn DRAM at 533 bits/cycle « ^ ^67 ppi the CFU must read data 

23.3 Color space conversion 

Si2"cotx~Erir^^ 

and K, dixecti; r^resen^i by ^ W S"/"' ^'"''^ "^C. M. Y. 

multi-SoPEC printing with exacTcoloIs ^- for 

^^^^"^^"^S^^llV ^J'"«= '-"••y «->i-««cc and ch„>mi„ancc 
luminance inf^ati^andt C^neeS^o be^™^^ «^l«nunance..but C. M and Y each contaJ^ 

fore provide the means by Zlc^^^T^^SS^^Tcs^^^^^ T T^ 

sloa F««5« TO dortt^ as YCiCb. IC does not need color conver- 

to CMY '°Pn»sion. the YCiCb data is obtained, then color converted to RGB. and finally back 

The external RIP provides conversion from RGB to YCrCb sn«-;fir^jw . t. u 

implementation of the inverse transfonn within SoPEC 2S S^l onT *^'J^ '^^^^ 

are normalized to occupy all 256 levels of an 8-bit brnSy1^<^S ' '^^ 

The CFU provides the translation to either RGB or CMY RGB i^5nri..H»x • • • 



1 . 32 bits / 6 cycles = 5.33 bits/cycle 



23.4 



^TXpraT; n"^ clT"" ''^ '^'^ « one of: 

coior plane, no color space conversion 

• 2 colorplanes.no color space conversion 

• 3 color planes, no color space conversion 

• 3colorplanesYCrCb.conven!iontoRGB 

• color planes, no color space conversion 

• 4 color planes YCrCbX, conversion of YCrCb to ROB „„ 

TheVrwT,, ur>r. RGB, no color conversion of X 

Color space inversion 

may be used lo provide planar correlation SSJttS^^iT"^*'" to CMY may be finalised, or to 
71ie^RGB_to ^ conversion is given by the relationship: 

• M = 255-G 

• Y-255-B 

pi<^je^orgups recprire page RIP to calculate the RGB fh>m 

• G = 255-M 

• B=255-Y 



23.5 SCAUNO 



rented by a numerator and a denoSiroSv^!, non-mteger scaling with the scale factor repre- 
should be greater than or eaual J7h7r:;r rLTT? «ic pucel data is aUowed. i.e. the numerator 

if (count * denominator - numerator >= O) then 

.zi.: rr * ^^^^ - ^r.dr 

else 

count = count ♦ denominator 
advance = o 
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23.6 Lead-im and lead-out cupping 



block c below) wai be the last JPBGM^nl^U^^r^T!^ c° '~'»«^ <>f the 2 SoPECs (JPEG 

line printed by SoPEC *2. Pixelsin iS^.EGtli3^rS^^ 

ately setting the WO«/avM,« in Sfa J?E^M^^^/°^^!!.^ 

at the beginning of each Ime'^TT.e^iSSof pt^to t^SorL '""^ 

UadlnClipNum register: ««e is specified by the 

It may also be the case that the CDU writes oiit n>ci- 1.1 i t • 

as shown for SoPEC U2 below.S^s^S^X JJ^e^S/^ " ^^"^ C"^- 

spond to JPEG block « but the value fo^e ^ ™ »<> 

block «-/. Thus JPEG block m iln^iSit b^^Sj, CPU « set to correspond to JPEG 



sopec#i 

lead-in area 



.SoPEC «2 SoPEC #1 
lead-rt area , lead-out area 



SoPK:#2 
leadout area 




SoPEC #1 prints left 
side of page 



SoPEC #2 prints rijjht 
side of page 



Length register defines the size of the tanret SceSr ^.L^^. '^'^^""^ TTie //cwli/ie- 

tn,IsthescalingoftheIastvjrdpixe;S^^^ 
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23.7 Implementation 

Figure 107 shows a block diagnun of the CFU. 



J3 



^ Contone 
Decoder Unit 




Figure 107. Block diagram of CFU 
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i3 



23.7.1 Definitfons of I/O 



Table 101, CRi port list end description 



pfst.n 



pcu,adf(6:2J 



DIUI 



! diu.cftj^fvarrd 



diu_data(63.-01 
cpuintertett 



cduLcfti.wfadvSOne 



cfu_cdu_idadvlir>e 



HCU interface 



hcujcftj^acfvdot 



cfu_hcu_avail 



cfu_hcu_c0data(7.'01 



cfij_hcu_c1 dataf7.*0] 



cft*-,hcu_c3dataf7.-0l 



rn 



32 



In 



In 



in 



Out 



Btocfc sele« from the PCU. When f>ci^Gfu_sef is high both 



a««clress bus, Onfy S bits are required to decode the" 
address space fbr this btodc. 



T cfcupctL/dy te hroh it Indicates 

PQw cfateoirfhas been registered by the Uock and for a mad 
cyde this means the dataon cfu.j>cicdate is valid. 



Out 



in 



17 



panied by a vaKd read address. 



Acknowledge from OiU. active high. Intfcates that a read 
request has been accepted and the new read address can be 
placed on the address bus, cfujmu raon 



Read data valkf, active high. Indteates that valid read data is 
now on the read data Ixis. divcdEata. 



Write Sfine pulte, edrve high. Indicates that the COU has fin- 
ished writing to a Ones of decompressed contone data to the cir- 
buffer in DRAM and the data Is avaifabfe to be read by the 



Read fine pulse, active high. Indicates that the CFU has finished 
reading a «ne of decompressed contone data to the circular 
buffer In DRAM and that Bne of the buffer Is now free 



in 



Out 



rnforms the Cf=U that the HCU has captured the pixel data on 

^2^^^^^ ^"""^ •'^ ^ P^ace the next 

P»xeion ttie data lines. 



Out 



Out 



Indfcates valid data present on cftj,hco,c(a<3)data fines. 



Pixel of data in contone plane 0, 



Pixel of data In contone plane 2. 
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23.7^ Configuration registers 

^Ll^i'l"'^'"''^ '° programmed via the PCU interface. Refer to section 21 8 2 on 

SSo^r^r ""^ ^ rettmxedrSu^S^Lt: 

oms; ot cju^_data. The configuration registers of the CFU are listed in Table 102: • 

Table 102. CFU ragistttrs 




Control registers 



I 0x00 
1 0x04 

1 Setup rB9lsterB 


Resat 
Go 


1 
1 


0x1 
0x0 


_ A write to this feqlster causes a reset of the CFU. 

- Wrfting 1 to this register starts the CFU. Wrftino 0 to this 
register halts the CFU. 

When Go Is deasserted the state^achlnes go to their 
idle states but all counters and oonfigufation registers 
Jceep their values. 

When Go is asserted all counters are reset, but configu- 
ration registers keep their values (l-e. they dent oet 
reset). 

The CFU must be started before the COU is started. 
This register can be read to determine If the CFU Is run- 
ning 

(1 * running, 0 - stopped). 


J 0x10 


MaxBfbck 


13 


0x000 


Number of JPEG MCUs (or JPEG block equivalents. I.e 
8x6 bytes) in a line - 1. 


1 0x14 


BifffStartAdr 


15 


0x0000 


Points to the start of the decompressed contone drcutar 
buffer in DRAM, aligned to a half JPEG block boundary. 
A half JPEG block consists of 4 words of 2564x13. 
enough to hoM 32 contone pixels In 4 cotors. I.e. half a 
JPEG block. 


0x18 


BuffEndAdr 


15 


0x0000 


Points to the end of the decompressed contone circular 
buffer in ORAM, aflgned to a half JPEG bk>ck boundary 
(address Is incius^e). 

A half JPEG bkx:k consists of 4 words of 256-blts. 
enough to hold 32 contone pixels in 4 colore. I.e. half a 
JPEGbkx*. 


OxIC 


4UneOffset 


13 


0x0000 


Defines the offset between the start of one 4 Une store to 
the start of the next 4 One store. In Rgure 108 on 
page 294, if SufSeart^flfr corresponds to line 0 block 0 
then BuffStartAdr-¥ 4L/n©Ofl5sef corresponds to line 4 
block 0. 

This register is required in addition to iVfax8/odlcas the 
number of JPEG blocks in a line required by the CFU 
may be different from the number of JPEG trfocks In a 
line written by the COU. 


0x20 


YCfCb2RGB 


1 


0x0 


Set this bit to enable conversion from YCrCb to RGB. 
Should not be changed between bands. 
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Table 102. CFU registers 




0x2C 



0x30 



InvertColorPlane 



LeadlnCfipNum 



LeadOutCUpNum 



0x0 



0x0 



bitO - 1 invert color pfane 0 

- 0 do not convert 
bJtl - 1 invert cotor plane 1 

- 0 do not convert 
bit2 - 1 Invert color plane 2 

- 0 do not convert 
bits - 1 invert color piano 3 
Should not be changed between band s 
Number of contone pixels - 1 in a line (after acairng) 
Equals the number of /)a/.cftc<A>(adW pulses - 1 
received from the HCU for each Hne of contone data 



0x0 



Number of contone pixels to be Ignored at the start of a 
fine (from JPEQ block 0 in a fine). They are not passed to 
the output buffer to be scaled in the X direction 



Number of contone pixels to be Ignored at the end of a 
fine (from JPEQ block MaxBiock in a line). They are not 
passed to the output buffer to be scaled ^ the X direc- 
tion. 

Value to be k>aded at the start of every One Into the coun- 
ter used for scaling in the X directioa Used to control the 
scaBng of the first pbcel in a Une to be sent to the HCXI 
Thts value will typlcaDy be zero, except In the case where 
a number of dots are dipped on the lead In to a Bne. 



23.7.3 




Storage of decompressed contone data in DRAM 

The CFU reads decompressed contone data from DRAM in single 256-bit accesses JPEO WorVc 



Doc: SoPEC_hardware_cfesign 
Version: 2.3 



S3 Proprietary Document 



29T3ov 2002 
Page 293 




4 One 
store 



ORAM woridp 
0RAM%wordfH4 



DRAM 



4rine 



ORAM MOfdq 
ORAM word <^ 



JPa> block 0 
HnosO 10 3 



JPEG btock 1 
Unes 0 to 3 



JPEG Nock n 
Rn«s0to3 



JPEQbloekO 
an«s4to7 



JPEG block 1 
lin6S4to7 



ORAM word q44n 



JPEQ block n 
iine$4to7 



255 



191 



127 



63 



C3^0i C2L0; CiLQi n J 
C3||1 ; C2L1 i,CUjJ_CpL1 wo«ip*1 
C3J^ I C2Lg ! jClL2_Lcgi2 v^p^Z 
n?l;^r Gtini rf>L3 Lordrwa 



255 



191 



127 





C2ti4 


1 C1L4 • 




C3^ 1 


C2LS 


1 H 

• C1L5 1 


COLS 


C346 1 


C2L8 


1 CIIjB I 


^IB 


ca|7 1 


C21,7 


1 C1L7 1 


C0L7 



wordq 
wordq^l 
word 0^2 
word q-f3 



ImpDes one 25a bit read of a word in DRAM 



CX-CofofX 

LY - Une Y or 8 bytes of a line in a JPEG block 



Figure 108. DRAM storage airangement for a single line of JPEG blocks In 4 colors 

sequence, as shown in Figure 108, is 



The Cl^ reads data line at a time in 4 colors from DRAM. T^^ 
85 follows: 



lino 0, block 0 in word p of DRAM 
line 0, block 1 in word p** of DRAM 

line 0, block n in word p+4n of *0RAM 

(repeat to read line a number of times *ccordinfl to scale factor) 

line 1, block 0 in word p*l of DRAH 
block 1 in word p+5 of DRAM 



line 1 
etc . . . 



23.7.4 



l^Z?f!f ^ T"^^""'^ in up to 4 colors a Y scale factor number of times from DRAM before it 
Decompressed contone buffer 
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23.7,5 Y-scaHng control unit 



AH counters and flags should be cleared after reset Wh«, ^ 

shojad take tteiri^tial value. WWlefteSwrSterSfsS^^^^ ' aU counteis a«l flags 

buj(Lokulo_write flags to tell it whether to attemnf t^T^!,^ iine8_ok_to read and 

that writes are to occur to. occur from, and a single bit (Mr.te^ for the current buffer 

^^'^-::i^p:t:^-^^^^^^ turn 

of data fton. DRAM to the buffr'^t-^StLI i:^!^^^ ^ ^ ^« "^'S 

r4_en and «Ue/ gets mcreLenSpoT«r2e 2^ vi ^ ^° 

wnte the data to the output double-buff« of &e SJ^^Tf^y. ^ *=y<=le ^ 

Ml. and«Ce„ the buffer. „Ue/ equals 

<ii«ctioa is thus performed. ^caluig to the printhead resolution in the Y 

?oLT?rt':s.i5:™:i^ 

both currj^aljblock ^lin^U^t^^^^^^^^^ ? " When a 1 is written to Go, 

oaded ^i^y^cale_denom. i^^^^ S^^t^^x -^^T-f ""'^ gets 

II assign read nddresa output to ORAM 
cdu_diu_w«drt21=71 = curr_hal£block 
cdu_diu_wadr(6:5J = li„e[l.oj 

" ir'^"_'dv:bu'./t^\^-'"^'-"""' 

" b?icT/o -"«na - Xi„o o. condone in up 4 .olo^ 



after each dram read access 
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SI 



line 



eurr_h«lfbloc)c = buf f.otartladr 

elaif"!7r*''^-'"^ ' buff_start_a<te 

^ria^^k^f^^t^^^^^ =--«_e„<^-..,. .Ken 

line_st«rt.adr = buff,start adr 
else "~ 

else 

lino ** 

else ~"-^^">l°«='« = llne_st«rt_«dr 

// re-read current line from dram 
y_»cale_coune » y_scale_count ♦ y scale 
else '=""-»«'*°'lo='' = line_start_adr 
block 

curr,Jialfbloclc 
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Go gap 
cfu.diu_rraq » o 
wr^sel ■ 0 



pffft n — ff 
cfu_diu_fTeq b o 

^ reset ^ 



idle 



c 



J 



i_diu_iieq.O 
wr.sel»o 



rcq 



> 







^ on m wtaa 

cuj_<uu_rr«q a i 
w_adv_buff a 0 

V 


ack 






wr_8er«0 
wr^adVLtHrff « o 


^ rcadl ^ 




cfu_daj_rreq « o 
wr_scf « 0 
MUBCtv.buffeO 



c 



read2 



c 



3 



cfu_dfu_rToq s o 
wr.seJa 1 
wr_adv_buff = o 



reads 



3 



wr.sali.2 
*w_adv_t)uff e 0 



read4 ^ 
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23,7.6 Contone line store interface 



tZlt S cm a"T^;' »o •^•^ by the CDU and are avaUable to 

DRAM whenthcCDU^iStSnX^I^:^^^^^^^^ begin to"S?tS 

kaes it sends an cdu_cfu^^a„, Se to^" Z ^ '^^^ "^'^^ 8 

CFU may continue reading from DRAM as l^i^Sr'i'^f '"'■^t/ "^-*^'' mcremented by 8. Tlie 
set wIule^«#_//;^_av«7is greater Am O aS rvad h 

from DRAM, the Y-scaling S^^^^^^/^'^'^'l'' '^^'^ « "°<^ of conto-ne .tou 

CDU to free „p .he line She bXTl^ *^ '^^''^ "~ ^« ««0 «o the 

v/mepulse. ^^^^*"^'*^-*''*"'«**«»anentedbylonreceivi 

23.7.7 Color Space Converter (CSC) 

ROB. If YQCb2R08 «fLi 0^ ^.^SSS If- ^ ?»«^ VC,^ 

«f Ibe VQck „ ROBCfcVSS*.^ " '^^ "oct NoK tlu« tte 



Doc: SoPEC^hardVvare^i 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 298 



SoPEC : Hardware Design 



Si 



Figure 110 shows a block diagram of the color 



space converter. 



^lor space ' 
er/Tnvt 




^^^^ 



' — 7^^ ■ 



cpO 



cpi 



-►cp2 



■♦^ cp3 



YCfCb2flGB 



invert-COlor_plaRe 



23,7.8 



Rgure 110. Block diagram of color space converter 

version is implemented as follows- accuracy is mamtained with 18 bits. The con- 

• R*'=Y + (359/256XCr-128) 

• G'-Y.(183/256XCr-128).(88/256XCb-128) 

• B* = Y + (454/256XCb-128) 

im *cro ou^ut, a zero input gives output RGB « [O', 136^, 0^1. 

X-scaling control unit 

t^mcchanism for keeping Sctf S c^tttT^r^nt'huffS Z^'" P"'^''- 
read from imtU it has been written to buffets, and ensures that a buffer cannot be 



1. -179 is saturated to 0 

2. 135,5, with rounding becomes 136. 

3. -227 is satufated to 0 
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if (wradv i) then 

if (pixel_count « (nvaxJblock,blll) ) then 

pixel_count =0 
else 

pixel_count ++ 
if ( (pixel_count < leadin^cllp num) 

wr.en f ^^^^^^-^^'""'^ > ««ax^b lock, bill) 
else 

wr_.en = i 



leadout„clip_n\i2n))) then 



The output cA_Acw_«v«//equakA«/rava///«fA„;?7 wh!~ P'^''^-^ '^^^-'^^^^^^^ 
HCU that data is available?o be SSiZ^^-t^-^^^i^-J^^^ "^"^ ^'"'^ *<> 

algorithm for non-integer scalin^^ SChT K " implemented by pixel replication TT.e 

loaded with ^^r.».^un^^7^^ttr^of'^^^^'^- ^oSd^' 
fost pixel is scaled by. hcu line length 2 f,^ T^'' by which the 

line that is sent to th;HcJis s^X "^"^^ 
if (hcu_cfw_dotadv =» l) than 

x_sc«le^count - ^s«le_count * ^cal«_denc» - 

else 

' '•-•"l^co-t . ^sc.le_de„on. 

else 

X^scale.count » x^scale.count 
rq_en = o 

Whena.^_..p^^^^^^^^^ 

received, then a ni_en pulse is geniatlTtoiS^ntXi^d^^rn^''^* * Acu.c^.di^arfv pulse is 
reset to 0 and x_scale_couru is loaded A x^^^^^ °' ^«_«/v_co«« is 



0> then 
3^scale_num 
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24 

24.1 Overview 



Lossless Bi-level Decoder (LBD) 



the number of lines to decompn^ss.^ZSX IcSem ff^^pS^ ^"""^ «»«~»Pressed) line.Ld 
compfcssion. the LBD can coje with CSmSS^^Zf 5 *^ ^ ^ lO-l 

pass-through mode is provideS for 1:1 Zm^^^ZTZl^ "T"'^ «^'«ble. A 

50:1. Lossless bi-level compression L^S^^lv^™!! '^ ^ T with a ratio of about 

which compress poorly. P^** « 20:1 with 10:1 possible for pag« 

S^^XT FIF^«'Jr3jrcom ^ ^« ^ is 

unit) for the next st^gc in the pi^Z'pZMeX.^Dir.!T^ ^Jf """^ (Halftooer/Composit,^ 
« used by ae PCU and is a Jlable ^"fnteL^o Tcm^"^ ' control flag that 



0>d.itnisho<fl>and 



IE 



ORAM 
JnterfaoaUnit 



PCU 


4 


L0O 








Flfluw 111. High level block diagram of LBD in comext 

24.2 Main FEATURES OF LBD 

Figure 1 1? shows a schematic outline of the LBD and SFU. 

at 1600 dpi. ^' therefore be long enough to store a complete fee 

PECl LDB outputs 16 bits in parallel to Se PECM^S wES^ ^ ^^^^ ' The 
the LBD in SoPEC can nm mx^ fester tha^ U reJxSl ^fi^^i^'. f « ^'^''^C- Therefore 
processing latency, to be absorbed. ^ ""J"^ « ««efy for allowing stalls. e.g. due to band 

giammed number of bits. ^^cr Vk^rTbTJ^.^^T ^"'^ ""^^ <"°' « P'e-Pro- 

length code. foUowed by pass Su^gk ^ ^ run-length code is always executed i a km- 

pS?d~:KD^CK' "^^^^^ - f P- unit CSPU). This 

hnes up to a programmable number of lines T^e Sn J-TTT^ I^J?^ " '^^^ nominally 3 
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Kbytes of slomge. 1 'Kbytes of storage. An A3 lije of 194,8 j ° 

l^LBD«^edb.^s.,o.,„.^^„^,CU»di..dditi.™B,.«^tab,e,o,b.C.J,.,r^^ 




ORAMfead 



All FIFOs are 64 bytes 

(twice the ORAM data 
wortf width) 



"^"^^ ORAM«vrfte 
ORAM read 



Figure 112. Schematic outline of the LBD and the SFU 
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24.2.1 



Si 



Bi-(eveJ Decoding in the LBD 

length ^codings. Tl.ee„codinrare H^StSoI^ ""^ sinilifij^ 




number of bits, whichever is shorten •^le^^^^ S !**""f«» °^>i>« for a pre-programmed 
followed by pass through. Tl,e ^^^^^^:Tj^''J^^ « « nm Jen^^. 
than or equal to 31. length nm-Iength with a run of less 

JP^- ^"f* 'enath (RL) encodings 




s a 
5f 



RRRRR1 



RRRRRRRfllO 



RRRRRRRRRRRRHRROO 
J RRRRRRRRRRRRRRRoS"^ 



Short Stack Runtength (S bfts) 




Medium White Runlenglh with RRRRRRRr . 
Enter pass through 

Lx)ng Black Runlength (is bits) 



= 31. 



Uang White Runfength (15 bits) 
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Si 



To enterpass through mode the LBD takes advantaoenf»K-.„. . 

of the nuUength pair is less than or eqS to iTTt^o^dt ""^u ^'^^y •fone 

Ac coding scheme of Table 104 it is stUl legal to S iJls ' "^""^^ "^^'^^^ 

been designed so that if a short runlength ifdSi i^^/n^H or long n^ength. TT,e LBD has 
conmiand containing this n^nlength ifde^J^ comSSlv A— .7? T^u""^ '^'^ ••°"^0'"al 
mode and the bits following the^lenS^^ S^^^l^J^^^! >° Pass through 

ciAer a programmed numbfr of bits o^e i^olS^hSTJ^' ""^""V *° 
^ode.completedthecur^nt color is thesa^t^tS^rtti:^^^^^^^^^^ 



24.2^ DRAM Access Requirements 



Table IPS, DRAM bandwidth requirements 



Ofrection 



Maximum number of 
cycle* between each 
2564)ft ORAM access 



256^ (1:T oompressfon) 



Peak Bandwidth 
(bits/cycle) 



1 (t:1 compression) 



Average Bancfwidtti 
(btta/cycle) 



, , — ^.■B>««w#i,^ V.I ^luri CO 

1: A. 1:1 compn«sionthcLBD,«,ui«« 1 bit/cycle or 256 bits evely 2S« cyde* 



0.1 (10:1 compresston) 
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24.3 Implementation 

24.3.1 Definitions of JO 



Table 106. LBO Port Ust 



^^^^^^ 



Clocks and Resets 




lbd_f!nishedband 



Ofll Interlace sfgnals 



Out 



^ress of the start of the current band of data. " 
2S6'bH word alfgned DRAM address. 



LSD finished band sfgnal to PCU and >ntemiDtC nnwr.r 



lbd.dfu_rreq 



Rxl.dlu_radr(21:5} 



dJo.ftxl_fack 



diu.data(63.-0J 



diu_lbd_rvalid 



17 



64 



PCU Inteiface data and comro t signals 
pcu_addfI5U2] 



Out 



Out 



Jn 



In 



In 



Read address to DIU 
17 bits wide (25&<)ltafiBnedwofd). 



A*n««led8e from DIU that read request has been" 
new read address can be pU«edT 



Data from DIU to SoPEC Units. 

Rfst 64^its is bits 63.-0 of 256 bft word 
Se«nd 64-bfts is bits 127:64 of 256 bit %vord. 
2»»fd 64-bits is bits 191:128 of 256 bit «vord 
fourth 64^its is bets 255:1 92 of 256 bit word 



X r "-"^ ^ 



pcu^dataoutt31K)] 



lbd_pcu,dataln[3i.'0j 

pcu^mvn 

pcujbd_s€l 



In 



32 



ttxLpcu^rdy 



32 



SFU Interface data and control signals 



In 



Out 



in 



Out 



PCU address bus. Oniy 4 bits are fequired to decode the 
address space for this Wocl<. «««xja me 



Shared write data bus from the PCU. 



Read data bus from the IBD to the PCU. 



Common read/not^rite signal from the PCU. 



^.^^^^"""^ ^ ^^'^ P«/_/6aLse/is high both" 



'^i^' ^-JX^-^r^yls high it indi- 
cates the last cycle of the access. R>r a write cycle this 

^rT^^^^"^' '^'^--^ ^ th^blo<S^and 
tor a read cyde this means the data or, lbdj^_dataln is 



sfu_tbd_rdy 



ibd.sfu^advUne 
lbd_sfij_piadvwofd 



In 



Out 



Out 



a^^^t^f^ ^^"^^ *>as previous line data " 
available for reading and is also ready to be written 



Advance Hne sign ai to previous and next line bt^ffe ,." 



Advance wonJ signal for previous Bne b uffe7 
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Table 106. LBO Port Ust 




Data from the previous line buffer. 
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24.3.2 Configuration Registers 



Table 107, LBD Configuration Registers 



Contror regrsters 



0x04 



Go 



0x1 



0x0 



A write to this register causes a reset of 
the LBD. 

TWs register can be read to indicate the 
reset state: 

0 > reset in progress 

1 - reset n ot in progress 

Writing 1 to this register starts the LBD. 
WrWng 0 to tfils register halts the LED. 
The Go register Is reset to 0 by the LBD 
when It finishes processing a band. 
When Go is deasserted the state- 
machines go to their idle states but ail 
counters and conCgumtion registers keep 
their values. 

When Go Is asserted all counters are 
reset, but configufatioo registers keep their 
values (l.e. they don't get reset). 
The LBD should only be started after the 
SRJ Is started. 

This re^r can be read to determine Iff 
the LBD'te running 
(1 ■ running, 0- stopped). 



0x0000 



Wrttng 1lo this register enables pass- 
through mode. 

Writing 0 to this register disables pass- 
through mode theretiy making the LBD 
compatifalenvWiPKt. 



Number of dots for which pass-through 
mode wifl lasL If the end of the Ihie Is 
reached first then passlhrough will be disa< 
bled. 



0x18 



NextBandCurTReadAdf(2l :S] 
{256-bit aUgned ORAM address) 



NextBandUnesRamaining 



15 



0x0000 j Shadow register whtoh Is copied to 
i AGo^O). 
f'^fextBandCuiTReadAdr 'ts the address off 
the start of the next band of compressed 
bMevel data In ORAM. 



0x0000 



Shadow register which Is copied to Unes- 
remaining y^ihen (NextBandEnabie r A 
Go«=0). 

^extBandUnesRemalning ts the number of 
fanes to be decoded In the next band of 
compressed bl-ievel data. 
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Table 107, LBP Conflguratton Registers 




NextBandPrevUneSource 



Work regtstert (read only for external access) 



0x0 



0x0 



0x24 



CurrReadAdr(21.*5] 
(2S6-bit aligned ORAM address) 



UnesReniabiing 



PrevUneSource 



0x30 



0x34 



CurrWriteAdr 



FirstUnoOSand 



17 



15 



IS 



Shadow register which is copied to P/ov- 
LMieSourco when (NextBand£nable xs= i 

1 - use the previous «ne read from the SFU 
for decoding the first line at the start of the 
next band. 

0 - ignore the previous ttne read from the 
SFU tor decoding the first fine at the start 
of the next band (an all O's line fs used 
instead). 



tf {NextBand£nat/e i & <k>«>0)then 
'NaxtBandCunReadAdrls copied to 
Cij/rflaacMd/; 

'NextBandUnesRemaimng Is copied 
to UnesRemainIng, 
'NextBandPrBvUneSource is copied 
to PfBvLineSoarce, 
-Go is set. 

-NBxtBandEnable is cleared. 
To start LBD processing NoKtBancfEhabto 
should te set 



The current 256-bft aligned lead address 
withrn the oompressed bMevel image 
PRAM address). Read only register. 



Count of number of lines remaining to be 
decoded. The band has finished when this 
number reaches 0. Read only register 



1 - uses the previous line read from the 
SFU for decodtng the first fine at the start 
of the next barxJ. 

0 • H^nores the previous fine read from the 
SFU for decoding the first line at the start 
Of the next band (an all O's line is used 
instead). 

Read only register. 



The cun^ent dot position for writing to the 
SFU. Read only register. 



Indicates whether the current line Is con- 
sidered to be the first line of the band 
Read only register. 



24.3.3 Starting the LBD between bands 



Slevd S^^^^^^^ - P-^«i with a start address for the cotnpressed 

Dana, while the HCU continues to process previously decoded bi-leve! data from the 
There are 4 mechanisms for restarting the LBD between bands: 
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'^J!^!^^ ^ prograimned so that Ibdjinishedband tnggcts the PCU to execute e««,n,.nWe 

SO me Ltti^/estarts immediately. Sunultaneously. ibdJinishedbandtiiRRm the Prri^tlr 
commands torn DRAM. The LBD will have restertedby the ^tSf^^t ^ 
mands from DRAM. The PCU commands promTAe LBD^^^ ^^"^ 
BandEnable for the next band ^ ^^^"^ '^^^^"^ 
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24.3.4 



Top-level Description 

A block diagram of the LBD is shown in Figure 113. 



ORAM Interlace UnN 
H 



\64 



07 



lossim bl-levei 
docotfer unit 



Stream 
Decoder 



^pass,through_doCtenflm 



i 



ts 



_pass,thfDugh.enafale 



prsvjlne.source 



Resets 



gnes^nemalnlno 



_Bne_tengtfi 



Command 
ControUer 



15. 



fed.flnbnedband 



^control ^ 


|— 1^ 

Next Edge - 




4 







UneHU 
Unit 



tbd^sfti. 



End of Band 
Unit 



«*Ujbd_pW8ta 



PhbvIous 
Line Buffer 



Spot FIFO 
Unft 



data 




- .wfldatavallei 



Next 
Lbie Buffer 



Figure 113. Block diagram of lossless bi-level decoder 

The LBD contains the following sub-blocks: 



Table loe. Fun ctfonal sub-blocks In the LBD 



Registers and 
Resets 



Stream Oeooder 



Command Controrier 



Next Edge Unit 



^^^^^^^^^^^^ 



Ao^«es«je bMevet descrip«on from the DRAM thnxigh the OOI fcner-" 
face. It decodes the bit stream into a command with argumems wWch i, 
then passes to the oommand oontroOer. oumems. wnich n 



Interprets the command from the stream decoder and r^nuM^ *.TZ — ^ 
unit with a Bmit address and color to^V^^,^^^^ ,1"^ 
pro^ ^ next edae unit starCnp «UuJS\!^JfZ ^^^Li;!'^" 



Une FIJI Unit 



Scans through the Previous Un« Buffer using its current addres» i« finn" 
«,e next edge of a color provided by the comLn?Ster X 
edge unit outputs this as the next eunent address b7<*to *,e «m^ 
contmtier and sets a vaBd bit when this address b ^tl"^ ^^^T^ 



fimH !^«« une Buffer with a color from its currem address up to a " 
Bmrt address. The color ^wllimit are provided bv th. ^ ^JjH^X^r 
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Naming of signals and logical blocks are taken from [18]. 

The LBD is able to stall mid-line should the SFU be unahu»«^« i 

line frame due to band processing latency ^^^^ * P"^®"* ""^i^" a current 

All output control signals from the LBD must alwavs h,. w,iM 

24.3.5 ^<^rst«^saIldR•sM»•ub^Jloc^cdMM^ptlon 

LBD ignore u,. ^ JoS™1^S!?T "^a » ««A If . 0 i, U,c 

«« reg.rdl.» of wte lU o^oTSTfa "J •« " If it « ^civile .11 zeros for Ch, prortoo, 

piessed data stream. '«J«estmg data from the DIU and commence decoding of the com- 

/' 

Stream Decoder Sub-folock Description 

s^srSto't^i^^trpiS'^b^r^^^^^ 

the empty space created bv ba^i l?fj^' '^S*^ uses the 64-bit word from the FIFO to fill up 



24.3.6 
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A dataflow block diagram of the stream decoder is shown in Figure 1 14. 
DRAM IntertKe Unit | 




EndOIBandStDia 



FIgur* 114. Stream decoder block diagram 



24.3.6. 1 OecodeC . Decode Command 

The becodeC logic encodes the command from hits fi a r.f ♦»,- >.:» 

•nands; SKIP, VERTICAL and RUN^Sgth U^^^Z, / stream to output one of three com- 

consuo^d. which feeds bacTto ttT^Sfft re^r output to indicate how many bits were 

« a medium length tSTt^ ttt^'SiSirn^e^S,^'* ^ ' ' '^'''^^ 

length is decoded completely the LBdZ^kRASS ^r^fA command containing this run- 

be a number of bits tfJreptient ^S^^t^JiZ^"'^^- '^""^^^^ the runlength there will 
all these bits have been dS,ded sTc^K^st^ " PASS_THROt/GH mode until 
or the line ends, which ever Sm^S^ ^' """^ " P™*^"** ""mber of bits is reached 

24.3. 6. 2 OeeodeD - Decode Delta 

15 bit number, which is generXc««SdT?f?„f • ^ °" "^^ i» a 

dots for an A4 pag e and 19488 diVfr^^ p^gt^f^^^^^^^^^^ l""^ '"^^ '3824 

— w« *ta page {pi 32,768), a 2 s compiement representation of -3.-2.- 
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State^machine 



24,3.7 Command Controller Sub-block Description 

^■^ij '.iriiSs. f,nS:frT^j° 5- i-< such „ 
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Figure 115. Command controfler block diagram 



24.3,7.1 State machine 



Ooc: SoPEC^harcfware^design 
Version: 2.3 



The following is an explanation of all the states that the state machine utUizes 
« START 

<N«t Ed,. U^X tt. so (S,™„ D^^SrJ^^;^ ^T^' »«1 <h. AEO 

a AfVATTJSUFFER 

state When the ^^^^l^St^'^^O TuZnoLTS''^^ ^''"^ *° 

mand controller can proceed to the PARSE state ^^^-f^^ING sUte. Once this occurs the com- 

PAUSEJOC 

SSSSS^J^ ^^'^ FD'O » »«««n decoder to get starved of data if the 

?u^bir;roisTnS<^^r^^^^^^ ^ ^^^^tt 

ftames. All of the «mamingS^^ch^lS,S^ *^ "^^"^^ 
decoder) or if^/i, ttrf^go<»to^^d ri,^^ r 1^ ^ ^''^ 

command cont^Tere^f^^^S^TlJ? ? LBD needs to pause. PAUSE JCC is the state that the 
both asserted and the LBD ^r^:^!^'^^:^^^""" «us state untU s^i, and sfujt^^ aro 
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When in this state the conunand controller can «ceive one of four vaUd conunands: 
aj Runlength or Horizontal 

<*«"««» intt the KUT_FOKjajNLeNGTU sou while this occure ^ po'nt- The command controller 
Vertical 

element on the previous line for a Ve^nir^u^u ^ "'^ is relative to the changing 

c) Skip 

^^^d't'Tiste^^lett^^S^,^ ^.-nands but the color in the current line is not 

that the conunandcontroUerSr^^et^f;jS)SS^ ^"^"f ^"^.T ^ ^'^^ 

the current color in this case. ""^ " yeracal(0) conunands and has been coded not to change 

4> Pass Through 

LBD can recommence nor^ d^^^L ,^7^^ ^^^^ '! '^'^^^'^ " the stream decoder, the 
color as the last bit in -^P^S^2^'^p2*.S mJ^?""": ""^^ ^ ^» 
command controller as each pass throi^conm^/^ • ""^ ****** 

cessed in one clock ^clT ^ command received from the stream decoder can always be pio- 

V fVArr_J^OIUiUNLENGTH 

clock cycfe the comm^?SoU«^L lo a« ^^z??']:^^™^^ ^ RUNLENGTH. ARcr the first 
i:£W77/data has been conZS^Si^^Std^d ff'^^^^-^^'^ ^ 
controller wiU return to the pH^sm^ ^"^"^'^ " " "^'^ °^ t^e command 

V/ IVAIT^ORJfE 

fetum to the /"y*^^ state. ™« «M of the Ime the command controller will 
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vii FINISHMME 




Figure 116. State diagram fortho Command Controller (CC) state machine 
24.3.8 Next Edge Unit Sub-block Description 



. ^ Page 31 6 



Table 98. CDU regfstere 




0x16 



BifflStartAdr 



0x1 C 



13 



15 



0x000 



0x0000 



BuffEndAdr 



0x20 



0x24 



NumBufflJnes 



BypassJpg 



15 



0x0000 



OxOC 



0x0 



ue. Bx8 bytes) in a line - 1. 



Points to tne start of the decompressed contone ar-' 
cuJar buffer in ORAM, afigned to a half JPEG block 
boundary. 

A haif JPEG ttock consists of 4 words of 256-Wts 
enwjgh to hoW 32 contone pixels in 4 ootors, i.e. half 
a JPtG block. 



Points to the start of the last haJf JPEG Wock at the 
SII?*?! **^?. <*®00fnpressed contone circular buffer in 

^ a half JPEG block boundary. 
A half JPEG Mock consists of 4 words of 256-blts 

rjPEG So*)?* ^ "^^"^ ^ 



^^^^s size of buffer in DRAM In terms of the 
number of decompressed contone lines. The size of 
the buffer should be a multiple of 4 lines with a mini- 
mum size of 8 lines. 



0x30 



NextBandCurr- 
SouroeAdr 



17 0x0^0000 



Oetenrtnes whether or not the JPEG decoder will be 
bypassed (and hence pixels are copied directfy from 
input to outptit) ^ 
0 - don't bypass, 1 - bypass 
Should not be changed between bands. 



NextBandEnd- 
SourceAdr 



IS I 0x0^0000 



0x3d 



NextBandVaiid- 
Byte8La8tf=6tch 



0x00 



0x3C 



NextBandEnable 



0x0 



Read-only registers 



-nie2S6-blt aligned word address containing the start 
DMA^ ^' compressed contone data in 

TWs ^ue is copied to Ci//rSo£//ce/^drwhen both 
^1"^ Atorfaa/icreiaWfl Is 1 . or When 
^©transitions from 0 to 1. 



The 64^jlt aligned word address containing the last 

of the next band of compressed contone data in 
ORAM. 

This value Is copied to EndSOu/caA^/rwhen when 
both DoneBandts 1 and NextBandEnabfeis 1 or 
when Go transitions from 0 to 1. 



Mask containing a 1 in each bit position that repre- 
sente a valid byte fn the last 64-bit fetch of the next 
Band of compressed contone data from DRAM 
This ^«lue Is copied to VkTidBytesUstFetch when 
both Doneaandis 1 and NaxtBandEnabtels 1 or 
when Go transitions from O to 1. 



When Wax^andE/iaWels 1 and DoneBandls 1. then 

^^^""^i:^^*^*^*^ ««<i Of a b^nd 

-NextBandCurrSourcaAdrls copied to Curr- 
SourceAdr, 

WexfflanrfE/idSot//C8Acfris copied to EndSourceAdr 

DoneBandls cleared, 
NextBandEnable is cfeared. 
NextBandEnable is cleared Uen Go is asserted. 



Doc: SoPEC^hardware.design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 273 



SoPEC : Hardware Design 



S5 



Table 98. CDU registers 



0x40 



OoneBand 



0x0 



CurrSourceAdr 



0x46 



EndSoufceAdr 



0x0^0000 



19 0x0^0000 



0x00 



Specifies whether or not the cljrrenSTEm^ 
tehed toadfng into the local RFO. It (3 deared to 0 
when Go transrtions from 0 to 1 
men the last of the compressed contonedata for the 
band has been loaded Into the local FIFO, the 
cAi_ffnIshedband signal Is given out and the 
Oo/reaandflagisset 

tfNBxtBandEnabie is 1 at this time then Curr- 

T neit^banS^"* 
OoneSandls cleared. Pn>cessJng of the next band 
starts Immediately 

CDU wffl continue to nin. decompressing the data 
NextBandEnable to be set before tt restarts 



w«hln the" 

current band of compfessed contone data in opam 



^"^"^"^ containrno the last 
2;esc>f^.hecurrentbendofoon,p,^c?„^„e 



Mask oontaining a lin each bH position that reore- " 



1 0x50 

0xS4 ■ 


JpgOecMask 


5 


0x00 


f ^ can also be output on " 
f!r*^i^ff'^^'^ port with the user sele^'^ 

4 SOF+SOS+DNL 
3 COM^APP 
2 0RI 
1 OQT 
ODKT 

^01 and EOl markers are also passed to the 


1 0x56 


JpgDecTType 


1 


0x0 


Test type selector 

? ' ^^^^^^^"^ displayed on JpgDecTdata 
1 - QDCT coeffictent displayed on JpgDecTdata 


1 0x5C 


JpgOecTestEn 


1 


0x0 




1 JPEG decoder cc 


JpgOecPiype 
>re read-only status r 


4 

agisters 


0x0 




1 0x60 1 


JpgOecHdr 


• 1 


0x00 1 


Selected header sesmenis from the JPEG stream "1 
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13 I 0x0000 





0x0000 



OxOOLOOOO 



Z'^^M^T the fiisfZ- 

put byte of the first 8x8 block of the test data 

IVhL^^ '"^'«««'» *e B«« out- 

ptit byte of eadi 8x8 block of test data 

•M -0 - 1 1 -bit output test data port - displays OCT 
coefficients or quantized coeffk^ts depending on 
value of jfpgOBcTTkofl. «»f«™inaon 



Oeoodino parameter bus which enables various 
parameters used by the core to be read. The data 
avafoble on the PValue port is tor information only, 
and does not contain control sisnals for the decoder 



22.5.3 



Bit 21 -ipg_cof0_stainn set. indicates that the JPEG 

S^Ii^^ "'i^" « ^ output JPEG 

halfttock double-buffers of the CDU are full) 

ttie JPEG decoder core and Is asserted when a pixel 
Is beinfl output 

ats 19-16 - nfo_contants (FIFO at bipiit of JPEG 
decoder core) 

f^/** """^^ •'^^^ ^'^^ ~»P"te from the 
CS61S0 (see Table 100 for descripiton bf bits>. 



Typical operation 

The CDU should only be started after the CFU has been started 

/Lines. Users then set the CDU-s Go hiv^s^^t f ^ Ti '^'^- ^"^^"^BlockAdr and NumBuf- 
for the band has finished 7 Tl ''^^ compressed contorH* date 

indicating that the moa,o^^J;,l'^"£^'^f^';f^ "T^J *° PCU and CPU 

band of contone data. ''^ "'""'free- Processing can now start on the next 

for restarting the CDU betv^Sb^: ^ * ' to Abrtfia«^«^6te. There are 4 mechanisms 

"•S^J^;^m^t^ ^ " '-ve set its Z,.«.w bit T,. 

rent band. At the end of the CL^rent Mn^K "fj;f*'*«'»'»^'wA/e bit before the end of the cur- 
tf-Ttus IS a combination of 6 and c above The Pni r^*i.^ *u , . 
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registers and sets the NextBandEnable bit before th^ «r.u 

current band the CDU sets DoneBaT^ZL^irLl'^^^^^ V 

already 1 . the CDU starts processing ^t^f^A a^^^' f^^'BandEnable is 

restarted by the time the PCU has fetched comnmds from DrJu^ d^^^ 
^^-theCDU'snextbandshadowregisters^eJ^^^I^S-^ 

ing again. An intenupt is sent to the CPU bi^Si mput data and await a reset before starting decod- 
t-tbymeansof aitoits/^^^rSr^errr'^r^T^ ^^'^ 
22.5.4 Read control unit 

receiving the data from ^ ^^cl^Zl^e^^J^^ " "'^"^ 

accesses to DRAM is described in Jcion^STon itJ^S/R^^^^^^^ 

by means bf the state machine described Si Fiiire i or implemented 
All counters and flags should be cleared after reset When (J^ t««..»;„ *. « . 
should take their initial value. While the GTb^TseTSe Se^MnT '"^ 
jwheth« to attempt to readabandofcompre^^^^SittLXa.^^^^^^ 

does nothing. When DoneBand is dear the%fc,t^ . When DoneBanJ is set, the state machine 

up to 256-Wts at a time whii Lrel^^ f T^^^^^ 

knowledge about numbers of bloclToi nS^S-T^^S , ^"^^ '^'^ '^^'^ has no 

by consecutive reads from oS^nc^^^^^T ' " "''''^ "FO 
a.leastatthepea.DRAMr^JScS.^f'S^T^S^^^^^^ 

diu_cdu_rvalid being as^^rted Jut^o^!^ "^"^ ^ '°«"<=^^ '>y 

end_ofJbanJstore: curr^ource_adr is compared to both end_^ne_adr and 

* "FS^TTc^Sut^S-S*^^^^^^^^ -nt., signal sent to the 

is set TTie remaining 64^i, val^ ^tJe ^t^t'Sf ^jl^C^""*" 

the HFO. ™ ^ Ignored, ix. they are not written into 

■ ^^^l^VdaSTto^SHlZ^^'^?^^^^^^ ^'^ ena^our.e_a^, then 

whether curr^,^^adr ^^^^J^-^i^'ZTeTJ^Z'-'^ t ?' 

FIFO is 0. ^-Oj_oanastore. The end_qfjMmd control signal sent to the 

c«ArjoK«5c_<M&- is output to the DIU as cdu_diu^adr. 

incremented ^ "^"^ ^M>-content5[3:0] ZTAfifo^^_adrh:0] «e both 

rS/o """^ " ^^-'^ « 0^ available in 

datafromthenFO-No^nrTal^^poSblf^^^^^ 

ister to 1. In this case data is sent Lctl7fromEiro tft^elS?^.!^ h "^l"^ ^'^^^ 
decoder is riot stalled {jpg core stall eomd IT^lill to tte half-block double-buflFer. While the JPEG 
a byte of data is consi^S l^tTi^T^^'^'dV^'I^^sm^^^ ^JPZJn^trb are both 1. 
ne.byte.^ereadaddres.is^byteali.ed"re^li:^1?1^^^^ 

P^ge 276 



SoPEC : Hardware Design 



S3 



Beset QR pfyii n — ft 
ccfu^diu rr0q b o 
ignore_data « o 

1 

Q reset^ 



odu.dlu.rreq « 0 
lgnore.data«0 



cdu_diu.Freq » O 
Ignofe.data « 0 



< 



C 



idle 



> 



odu_dlu.rrBq e o 
Ignoie.data - 0 



req 



1 



cdu_diu_rreq s 1 
igfx)re_data » o 



aclc 



3 



pdu_diu.rreq = 0 
fQnor«L.data<9 0 



read ^ 



faifT SQlifTft flrfrrrt ^Kftfy ^ 



end so»f«w «>^r 



ignore.datae 1 



Figure 101. Stafa machine to read compressed contone data 



22.5.5 Compressed contone FIFO 



.PC* u. -co™, b,„ „ ,5.8 etc., „W. « '^^^ol^^'L'Z X 
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HFO (as an additional effect ofZX^TlL^ nlZ^/T'''^^ '^'^ 
tone data must be more than 4 x 64-^:8. or 32 b^es' LTeS^j 



22.5.6 CS6150 JPEG decoder 



the CS6150 JPEG decodTc^ « , 85^1^^^^^ ^^""'^ '^^^ ^ 

which a gated version of the ^^To5 l^flc the ^ f'^^ °^>- '^'^ ^^<^^ ^YMk 

JPEG decoder on a single colci vb^xS^^^t^f^^ '^l^f P™^''«'' « mechanism for stalling the 
ii..Pi.OutEnab inputt, t^eVEG H<^^^ 

block boundary and is insufficient f«r^'r ' ^ ^K. '^^'^^ *>^« at a JPEG 

instead tied^ 'nsunicient for SoPEC. TTius gatmg of the clock is employed and PixOutBnab is 

quantization tables, restart inl^Son^dSl^T^ ^ »*h^. 

*e JPEGbytestre^ automL^y^g ^ Tth^^^ '^^^ ^ '^^^ 

si^edand.ifaner.risfound.th':^::^^^^ 

S53° 21.rS.w::- St miS t T^L""' 'r^."^? -eer than 

Lines (DNL) marker ft^:Zr^y^r.^;^;^'^^'^ ^« ^ ^ ^-^^^ dumber 

^"t^?5^Sl^;fdL'Ur<£:S^^^ - <«agrams of the 

length as this is a modifiiion to ixtSJ^" '"^ °f-«>- than 64k lines 

r^dSmlJlS^^^be'ln'l^etSl""'^?^^^^ 
Pixels intheco^ectcTlo^orlf^^rdLl™^^^^^^ 

The following subsections describe the means by which the CS61 50 internals can be made visible. 



2Z5. 6. 1 JPEG decoder parameter bus 



mines which internal parameters are disnlaverf T . t ""P"' iJpgDecP-fype) daxet- 

the/>^2^„.pondoes?^rSS:t?iSsrSfyT^^^^^ 



Table 99. Parameter bus definitions 
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Table 99. Parameter bus definitions 




0x4 



00_XMCU(13:OJ 



0X5 



0x6 



0x7 



OxS 



0x9 



OxA 



CsO[7:OLTqOI1 :OLV0{2:0I 
-HOp.O] 



Cs1[7:01.Tq 1(1 ;0LV1I2:0] 
-H1(2:0J 



Cs?I7:0LTq2t1:0LV2(2:0J 
.H2(2:0J 



Cs3I7:0LTq3f1:0LV3P:0] 
.H3P:0J 



C8H[15:0) 



CsVI15:0] 



OW[15:0) 



_ 



000_HMAX[2:OLVMAX(2: 
OL MCUBLK[3:0LNSI2:0J 



XMCU: number of MCUs In X direSorTo^^ 



CsO: Wentifter for the first scan component 
TqO: quantization table identifrer for the first scan compo- 

VO: vertfcal sampling €actor for the first scan component, 
values 1-4 

HO: horizontal sampling factor for the first scan compo- 
nent. Values = 1«4 



Csl. Tql, VI and HI for the second scan component 
VI. Hi undefined if NS<2 



Cs2, Tq2. V2 and H2 for the second scan component 
V2. H2 undefined if NS<3 



Cs3. Tq3. V3 and H3 ibr the second scan component 
V3, H3 undefined if NS<4 



CsH: no. of raws in cument scan 



CsV: no. of colunms in cun-ent scan 



DRJ: restart interval 



HMAX: maxima horizontal sampfing factor in frame 

"^"^^ factor in frame 

f ^i.H""'**''*''*^ current scan, 

rrom i to 10 

NS: number of scan components in current scan, 1-4 



22.5.6,2 JPEG decoder status register 

sent to the CPU by asseitme cdu /W, InZ.^^ theJPEG decoder is suspended and an intcmipt is 

the JpgDecStatus register T^r«!^i sn ^ "^^""^ the source of the error by reading 
hightoindreatean^rc^n^,';^^^^^"^^ 

is required from the user If anv of the «rt,T,!Z^ at the start of the next unage and so no intervention 



l!!Slw°l^fJi''^'''^^' ^^^^ "^^^^^^ definitions 




15-12 



11-8 



TbiDeff7:4] 



TblDef[3:0J 



OecHfError 



Indicates the number of Huffman tables defined. IbftAable. 



Indicates the number of quantization tables defined. 1 bit /tabled 
Set when an undefined Huffman table symbol is referenced during 





Table 100. JPEG decoder status register definftions 



CUError 



HlErrtjf 



QtError 



OecError 



IDctlnProg 



DeclnProg 



JpglnPfog 



Set When an invalid DHT segment is detected. 



Set wiien an invalid DQT segmenl is detected. 



Set when anything other than a JPEG marker is \nf>ui 

Set when any of DecFlags[B:4J are set 

let TS iZ ^""^ ^ ^^^^^^ « stream. 

Set when any SOF marker is detected other than SOFO Set if Jncnmnut- u.^ 
man or quantization definftfon is detected. ^ incomplete Huff- 



Set when tDCT starts processing first data of a scan. Cleared whan inrT 
processed the test data of a scan, ^leareo when IDCT has 



^^>lfT ^'^ ^'Q"^' asserted after the Sig SOS (Start of Scan Seflnv>nf ^ 
signa has been output from the core and is de-asserTed Xn tJ^lf^ 
scan .s complete, rt indi cates that the core is in th ^d^^ 



22.5.7 Half4)lock buffer interface 



to stall the JPEG decoder core ^ti^^ntSf^ECb^^'t '^H^'-*'- *° 
pixel). We provide a mechanism for stX« STEr rt!S,H boundaiy. ,.e. after 32 pixels (8 bits per 

half JPEG blocks to decouole IPFn^Z^T T ! "sponsible for providing a set of double buffered 
DRAM (write cont^^lStroL^o^^^t^^^^^^^ ^-^^ ^ ^EG blocks to 

only asinglecolorplaae. Data exitsX^e^T^S^^^ 

The half-block buffer interfece therefore consists of 2 single JPEG half hi^ir k,.«- 

combuiatorial logic, as shown in Figure 102. iialf-Wock buffers and some simple 



Ptt-OuCvalW - 



JPSLCore^stall 
jdk.enable '4- 



pi)al_<l8ta. 



haff-block buffer Intarfaea 



halMKock buffer 
select unit 



oontone 
plane 
buffer 



64 
■7^ 



— rd.adv 



halLblock.o<_to.read 



cdu^diu _data(63:0} 



Ffgura 102. Block diagram of half-block buffer interface 
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2Z5.7.1 Half'bfock buffer select unit 



Uus «se. each buffer is a half JPEG block. i.c. 32 bytes ^ ^4?^^ 

S^-a'fi;";* rL'S;^ each hal^block buffer: *«^_a^«/.y and 

single bit (wr buff) S lT^lr~^£ '^^^ 

to#_av.i//w._A«^.Whenl,J««f^/^^^ 7^"^ y>ir-<^o«_.m// equals 

the production of pixels TTie dock ^ nJrf j^^^ ^"""^^^ S^''^ off so as to stop 
ouit from the CDU -^en^^ffX 

iiclk_enable is the ir^.rsZTp^^l^S). ' ^ """^ Jclk.enable is 0. ycft is 0 

^i^^-Sj'^'r::^f^^^ ^^^^^ ^ed. 



22,5.7,2 Contone plane buffer 

^h^«>iitone plane buffer consists of two half JPEG block buffers as shown 



in block diagram form in Fig- 



rd_bufl^ 



wr_buff« 



ftf fin 



Ptoei_data 



JPEG 
haff-block buffer 0 



pixel, data . 



JPEG 
hatf-Wock buffer 1 




odu.dhj.dataiea^)] 



cofitorte plane buffer i 



Figure 103. Contone plane buffer Interface 

!St '^e'Siftt^sS is^^^^ ^"^Tr ' combinatorial 

lected at the first shift rgSr n^tSTq'u^^S^^^^^^ Si " ' 

isterina4bit,uantitie.DataisreadfL,the/ectds^^s^;rr^^^^ 
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22.5.8 



S3 



Writ© control unit 



4rine 



ORAM wordp 
DRAM word p«4 



DRAM 



4l(ne 



JPEG block 0 
lines 0 to 3 



JPEG block 1 
lines 0 to 3 





±0 1 c 


LO 1 CdLO 


ClLl I C] 


Lt J C 


LI i c|l1 


CJ-2 1 Ci 


L2 1 C 


L2 r 


C3L3 i ci 


U3 1 C 


L3 1 C0L3 



wordp 
wordfH-1 
wordp4-2 
%vord p+3 




DRAM word q+4n 











■ 

JPEG block n 
fines 4 to 7 



words In one DRAM row. for a single 
COU access to DRAM "»"'Bw 
CX-CokirX 

LY - Une Y or 8 bytes of a If ne to a JPEG btock 



R9ur. 104. DRAM storage arrangement for a single line of JPEG 8x8 block, in 4 colo« 

bloc^ 0. color 0. line 0 in word p bit- 63-0. line ^ i„ «ord p.l bits 63-0 

line 2 word p., bi,» ei-O. line 3 in word pO bfts 63-'o. 

block 0, color 0, line 4 in word a bit^ fii n i • 

^ ^" wora q cits 63-0, Ixne 5 in word o+l bifca fi3 A 
line 6 in word a*2 bits 61 n i • ^''^ 63-0, 

^ -I oics fej-o, line 7 xn word qO bits 63-0. 

block 0. color 1, line 0 in word p bits 127-64 i • 

^ . . *^ Wits i^/-54, line 1 in word p+1 bits 12-7. fiii 

ixne 2 in «.rd p*2 bita 127-64, line 3 in word p*3 bite 127-64, 

bloc. 0. color 1, u„ 4 in word <, bits 127-64. line 5 in word ,.1 bits 127-64 

ixne 6 .„ word q.2 bite 127-64, line 7 in word ,0 bite 127-64. 
r^eat for block O color 2, block 0 color 3 

etc. 
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only 64 bits out of the 256-bit access t^m^^XT'^'^'^ ^ from the CDU^ 

by the DIU. niis means that the decompre^edL^^ ^, t "™^8 bits of the write arc masked 
Write maslced accesses to 4 conscoT 5S S^Sio^wrr ' "^"'"-''"^ 

cycl«. All counters and flags should be cleawd^rresT^^^^ ^ ^ x 64 bits over 4 

and flags should take their initial value. milTL So *^^,^''«>'« 0 to 1 all counters 

block to DRAM. Once the hal^block b^S^S2,S^ 1^ " 

requests a write access to DRAM T^s^ cTt^J^ "^^^ ^ 

mg to the first 64-bit value to be v^tuTTc^aJ z^f^ T'''^^ ''O'^spond. 
access of 4x64 bits is issued by the cSu -^VDm'^ u ^ ^ value in^h 

fourth 64.bit values). n,e state Lch£e^eI^aSyo Z^^^TLt' ^^1f ^^^^ ^ '^<^ ^ a-d 
mg a read of 4 64-bit values from the half-block bufferl^tJ^r r^^** im^iat- 
putc^_rf/«_W^i3 33sertedinthecycteaSS?lT^^"^ 

the crf„_rf,„_^^ l« ^^«SLl;^^fii'^""'' to the DIU that valid data is present o„ 

cleared and ly^Juilfbloct,^ gets loadS^ A ^j^Ti^" ° ^ f ^^^^^ Aags should be 
t^jSLftart_adr + max_block+ 1 tmff_^uxrt_adr and uprjuiyblock^pdr gets loaded with 

cdu_diu_wa<„(4.3, . color ^ r^^tne l!^:,:'''-^' °- 

if (half 1) then 

If (half == i> then 
half =: 0 

if (color =.= raaxjJlanc) then 
color = 0 

block = 0 

// update half block address for start of , • 

// account of address wrapping L c?«u?fr^^/*"^ °^ -^"^ 
• if (upr_halfblock_adr « buf^'e^S th^ * """^ 

upr_halfblock adr = buff «t«,-t~-rf-^ ^, 
olslf (upr_halfbIock_ad^! ;;:rbi;:^/l":!:^'°f * ^ 

upr_halfblock_adr = buff^ti^t a^ b"«-«nd_adr, then 

else 
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.is. "^"^-•"^"'^-'^-•^ = upr_halfbloc,^adr . ^a^block .2 

block 

up.,naxrbaoc.^ad, ^^^^^ ^^^^^ 

color +4- 

else 

half := 1 

if (color a= max_plane) then 

it (block n^_blocW then // e„d o£ writing . line of JPEG blocks 



lwr_halfbloek_«ir « lwr_halfl,locK^dr ♦ »«^bloclc + 2 



else 



^^^^^ ^^^^^ 
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Si 



Go 0=0 

odu_d(u_wvalkJ a 0 
rd.adv-O 
rd.adv_half_blodc s 0 



cau_dtu_wr©q = 0 

rd.adv e 0 
njf.adv.haNLblock s 0 



idle 



c 



J 



Cdu^dtu^wreq « 0 
rd_adv & 0 

rd_adv_half_bJodc = 0 



rcq 



c 



> 



odu_d(u_wreq « 1 
odu_dtu_wvaUd 3 0 
nf_adv B 0 

rtl_jadv_hafLbteckoO 



ack 



c 



3 



oau_diu_wreq » 0 
cdu_diu.iwvaiid « 0 
nl_advs 1 

iiLadv_haJL.block» 



read 



c 



odu_dlu_wreq«o 
odii.dtu_«waQd « 1 
rd_adv o 1 

rt_acfv_haif_blod< « O 



write 1 



c 



3 



cdu_dJu_wreq = 0 
cdu_dIu.wvHid 8 1 
fd_adv • 1 
fd.adv.haJf.block o 



cdu_diu_wreq = 0 
odu_d(u_wvaiid s 0 
fd^adv B 0 

rd_adv_haff.broQk»o 



write2 



3 



cdu_dlu_wreq « 0 
cdu.dfu^wvaud « 1 
rd^adv a 1 

rd.adV_naif.brock»1 



writes 



c 



3 



cdu_dlu_wroq «= 0 
odu.dlu.wvaiid e 1 
«d_adv « 0 

nj.adv_|ialCblack»0 



Writc4 
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22.5.9 Contone fine store interface 

The contone line store interface orovide.! m«.t.,„<; * . • , ^ line-at-a-time. 

write to. n>us the size of the line s^n^AijTL I """^ hecomts free for the CDU to 

line store iaterfece ^8 linS^^oS^^^ f - "^"^ "^"^ ^^^^ 

schen^e while 16 lines provici^ l^o^M.-ZS^^^,'''''"''- buffer 

The size of the contone line store is defined bv ni»M a * • i 

stored in DRAM that are available to be^tten tTS^K^^ A count is kept of the number of lines 

set to the value of bu/^lT^ ^k^c^ZT.^t .'^ 

available for 8 lines. inS^wh^ JlS ^ ^ 

Writing 8 lines, the ^tt^^^^ ^Z-Z^st7^^^^ ^ 

CFU, and is decrememert; 7 "^Se e^^^^^^^ 

iine_jstore ok to write to be set Th^nj^rr;^ t!.-^ control unit then waits for 
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23 Contone FIFO Unit (CFU) 



23.1 Overview 



printer ns.lua<«. Non-intega scjIImTZS^ h^.^ ?^ ^ "> "'^^ «>« 



23.2 Bandwidth requirements 



iltSLX'Sf data ftonx DRAM ftst enough to n«tch the »te at which the contone data 

direction is performed at the oX^oiZ c^U oV^Lf^^ ^^^«=^o» the X 

tion is performed by the CFU rLiag «^h H^e a nZS'Jrr ^"^^ "^^^ 

DRAM. The HCU gener«es I doTSf.l^lin l^f^W T"' f""*^ f^^O"^. 

1 side per 2 seconds for MrWeS A^^ pr^f ^'Sfr ^ ^"^^^ - P^nt speed of 

color contone pixel (32 bits) evS, SF^Stes r h"*"^"' ^^^^ '^'^ *° «'PP"«1 « * 

fix)m DRAM 5.33 blts/oS!^ ^ ^" « 267 ppi the CFU must read data 

23.3 Color space conversion 

and K. directi; represented by cS ^ TWo^ 2o ""^^ M. Y. 

multi-SoPEC printing with exL colors " " "P'^"* ^old. metaUic green etc. for 

'^'^V^Z.lZ^S^tclVr^^^ visible quality when luminance and chrominance 
luminance infoLtiSandt wj^^nee^o be Z^^^^^ be luminance, but C. M and Y each contain 
fore provide the means by which Si?^lt';r^''^fpS^^^^ T 
sion. TO ooriif^ as YCrCb. fC does not need color conver- 

^r^l At^<£:o^oJ ob^^' 1 ^""^ ^^^'^ ""HG 

to CMY nvr^sion. the YCrCb data is obtained, then color converted to RGB. and finally back 

«. nomaliad to o^upy dl 256 levels of „ 8.bi. bSt^.S^ ' ' «»• V. Cr ™i Cb 

The CFU provides the translation to cither ror nr n\jr^ d/^d • - . ^ ^ . 



I. 32 bits / 6 cycles = 5.33 bits/cycle 
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I color plane, no color space conversion 

• 2 color planes, no color space conversion 

• 3 color planes, no color space conversion 

• 3 color planes YCrCb. conveision to RGB 

• 4 colorplanes, no color space conveision 

. 4 colorplaaes YCxCbX, convenrionof YQCbto RGB, no color conversion of X 



IS no 



23.4 Color srace inversion 



'Wise inversion 
may be finalised, or to 



r^f f^^^"" conversion is given by the relationship: 

• M = 255-G 

• Y = 255.B 

r'Ti'iS n^quire the page RIP to calculate the RGB from CMY as foUows: 



G=255 
B=255- 



M 
Y 



23.5 Scaling 



seated by a nunxerator'^xd a Zn^^^^^°Z T^TZ T 

should be greaxer than or equal to the denoT^^^l^^s^f^ u 7"^ ' l' 

the numerator is prognunmed as 5 and the denonS^;" ^^^l^l ^ " "'""^ '"^ 

if (count * denominator - numerator >= o) then 

count - count * denominator - numerator 

advance « l 
else 

count = count ♦ denominator 
advance = o 
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23.6 



Lead-in and lead-out clipping 

block n below) ^iU be the last JJSs bl^S tSTin^n? c° ^'L'^'^'l^ of the 2 SoPECs (JPEG 
line printed by SoPEC #2. Seisin S>EG bllTlf "^^^ J*^ J*/^^ #1 and the &st JPEG block in the 
ately setting L WOu/C/i^rpSs^Sis ^ E^^^^ « 'Snored by appropri- 

at the beginning of each line n« n^£ofX^^V^^^J^^"J ^% ^"^^"^ """^ '8"°'*<' 
LeadlnClipNum register. ^ is specified by the 

It may also be the case that the CDU wrir<>c nn* msr^ li i . 

as shown for SoPEC U2 bel^.SSs^S^ S ^^1^^ ^J^t"" 

spond to JPEG block « but the value f^helZS ^g^er in the CDU is set to corte- 

block Thus JPEG bloi^is^oTrS^dt bT'^^S;"''^ m the CPU is set to correspond to JPEG 



SoPEC «1 
(eatf-fn area 



,SoPEC#2 SoPEC #1 
lead-m area , tead-out araa 



SoPEC #2 
fead-out area 




RflMre 106. Lead-in and lead-out cl.pp.ng of contone data In multl-SoPEC environment 



Length register defines the size of the te^^ ^e ?or ^"^^f"' The 7/c«L/ne- 

irols the scaling of the last valid pifet SKnm t HCr "^'''''^ ^'^ 
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23.7 IMPLEMENTATJON 

Figure 107 shows a block diagram of the CFU. 



DRAM interface Unit 



Contone 
Decoder Unit 



deoompressed 
oontone buffer 



2^ wr.buff, rd_b(iff 



n 



2^ wT^en. fd^en 



^ wr,selli:Oi, rei_8el(2.-01 



Y-scaJIng 
control unit 



32 



4 > AAA 



K Cb Cr 

colof space converter 
cp3 cp2 cpl cpO 



."8 



YCfCb2RGB 



^ inverUcotewLpfane 



S 



15 



configuration 
regrsters 



t 
s' 

I 



output 
double-buffer 



wr_en, rd_en 



le/'e ✓^s /'8 ✓ 



Y t t. 



3 / 



3 1 



^ itnsS ok 


► 

Jo read 


oontone 
line store 
interface 





X-scafing 
control unit 



y'^32 



Contone 
RFO Unit 



Halftone/Compositor Unit 



PEP CoatFoUer Unit 



Figure 107. Block diagram of CFU 
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23-7,1 Definitions of I/O 



Tabie101,CFU port list and description 





in 


m 

nm 




PCU interface 

1 pcu_cfti_sel 

1 pcu_rwn 


1 
1 


1 

In 


System reset synchronous acUve low 

Stock sele« from the PCU. When pa<.cft/_sa/B WBh both 


1 pcu_adfl6:2J 

1 pcu_dataoutfd1:0] 


1 

32 


In 
In 


^ Common read/not-wrfte signal from the PCU. 

PCU address bus. Only 5 bits are required to decode the 
address space fbr this block. 


1 cfu_pcu_rcJy 

J cfu_pcu_data[31:Q) 


1 

) 32 


Out 
Out 


Shared write data bus from the PCU. 

pa/_cfataouf has been registered by the block and Ibra read 
cycle tnis means the data nn rfii fv-w« wafa 

J^Read data bus to the PCU. 


1 DIUInterfeee ~ 
1 cfu.d!u_rreq 


1 


Out 


CPU read request, active high. A read request must be acoom. 
panted by a vaiid read address. acoom 


1 diu_cfu_rack 
Lcfu_diu_radf(21 :S] 


1 

17 


rn 

Out 


Acknowledge from DIU. active high. Indicates that a read 
request has been accepted and the new read address can be 
placed on the address bus. cfu^diu radr. 


1 dlu_cfu_rva!rd 
1 d{u.data[63.-0j 


1 

64 


In 
In 


CPU read address. 17 bits wide (256^it aligned word). 
Read data valtd, actrve Wgh. Indicates that valid read data is 
now on the read data bus. dhJUSata, 
Read data from ORAM. 


1 CDU Interface 

1 cdu_ciu_wradv8ane 


1 


In 


Write anne pulse, active hiijh. Indicates that the CDU has fin- 
ished writing to a lines of decompressed contone data to the dr- 
ojfar buffer In DRAM and the data is available to be read by the 
CPU. 


j cru_cdu_idadvfine 
HCU interface 


1 


Out 


Read line pulse, active high. Indicates that the CPU has finish^ 
reading a line of decompressed contone data to the circular 
buffer in DRAM and that Dne of the buffer is now free 


hco_cfu_advdot 

cfu_iicu_avan 
cfu_hcu_c0data(7:0) 
cfu_hcu_c1 data(7,-0) 
cfu_hcu_c2datat7:0] { 
cfu_hcu_c3data[7:01 ( 


1 

1 

6 
3 

3 

3 < 


In 

Out 
Out 
Out 
Out 
Out 


Informs the CPU that the HCU has captured the pixel data on 

cfu_hcu_c[0-3}data lines and the CPU can now place the next 
pixel on the data lines. 

Indicates vaJid data present on cfu.hcu c(0.3Jdata Rnes 
Pixel of data in contone plane 0, 
Pixel of data In contone plane t. 
^'ixei of data in contone plane 2 
Pixel of data in contone plane 3. 
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23.7.2 Configuration registers 



Jl?25t SSra^S'? '° '^l''^ Progxammed via the PCU interface. Refer to section 21 8 2 on 

^Writes, the lower 2 bits of the PCU addrerbus not reqieS" tSK^t Xfo"^ 
CFU. Wh«, reading a raster that is less than 32 bits wide zeros sfaoxdd be r^tJ^tionS^rZ^ 
him of cfa^__data. The configuration listens of the CFU are listed in TablelS: ^ ^ 



Table 102. CFU ragistere 




1 0x00 
1 0x04 


Reset 
Qo 


1 
1 


0x1 
0x0 


_ A write to this register causes a reset of the CFU. 

. Writing 1 to this register starts the CFU, Writina 0 to thrs 
register halts the CFU. 

When Go fs Reasserted the state^achines go to their 
icfle states but all counters and configuratfon registers 
keep their values. 

When Go is asserted all counters are reset, but configu- 
ration registers keep their values (I.e. they don't oet 
reset). 

The CFU must be started before the CDU is started. 
This register can be read to detemilnd If the CFU is run- 
ning 

(1 - running. 0 - stopped). 


1 Setup registers 








1 0x10 


MaxBlock 


13 


0x000 


Uxiwtier of JPEG MCUs (or JPEG block equivalents, i.e. 
8x8 bytes) in a line « 1. 


1 0x14 


Btif^tartAdr 


15 


0x0000 


Pblnts to the start of the decompressed contone circular 
buffer in DRAM, aUgned to a half JPEG btock boundary. 
A half JPEG block consists of 4 words of 256-bfts. 
enough to hokJ 32 oontone pixels In 4 cotors, i.e. half a 
JPEG block. 


1 0x18 


BuffEndAdr 


15 


0x0000 


Points to the end of the decompressed contone circular 
buffer in ORAM, aligned to a half JPEG bkx* boundary 
(address is inclusive). 

A half JPEG btock consists of 4 words of 256-bils, 
enough to hold 32 contone pixels in 4 colors. I.e. half a 
JPEG bk>ck. 


1 OxIC 


4LtneOffset 


13 


0x0000 


Defines the offset between the start of one 4 line store to 
the start of the next 4 line store. In Rgure 108 on 
page 294. if e//f5«art4<yr corresponds to line 0 block 0 
then BuffStartAdr^ ^UneOfket corresponds to line 4 
block 0. 

This register fs required in addition to MaxBtockAS the 
number of JPEG blocks in a line required by the CFU 
may be different from the number of JPEG blocks In a 
line written by the CDU. 


0x20 


YCfCb2RGB | 


1 


0x0 


Set this bit to enable oonverston from YCrCb to RGB. 
Should not be changed between bands. 
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Table 102. CFU regfsters 




0x28 



0x2C 



0x30 



0x34 



0x3C 



0x40 



0x44 



23.7.3 



HcuUneLength 



LeadlnCfipNum 



UadOirtCHpNum 



XstartCount 



16 



XscaleNum 



XscateDenom 



YscaleNurti 



YscaleOenofTi 



0x0000 



0x0 



0x0 



0x00 



0x01 



0x01 



0x01 



0x01 



these bits to perform bit-wise Jnvereion on a percolor 
plane basis. 

bW) - 1 invert color plane 0 

- 0 do not convert 
bitl • 1 invert color plane 1 

- 0 do not convert 
blt2 - 1 invert color plane 2 

- 0 do not convert 
bits - 1 Invert color plane 3 
Should not be changed between bands 



Number of contone pbcels > 1 in a Irne (after scaling). 
Equals the number of /iCLLCft(.tfoteeA^ pulses - 1 
received from the HCU for each line of contone data. 



Number of contone pixels to be Ignored at the start of a 
nne {from JPEG block 0 in a line). They are not passed to 
the output buffer to be scaled in the X direction 



Number of contone pixels to be Ignored at the end of a 
line (from JPEG Wock MaxBtock in a Une). They are not 
passed to the output buffer to be scaled in the X direc- 
tion. 



Value to be loaded at the start of every fine Into the coun- 
ter used for scaling in the X direction. Used to control the 
scanng of the first pixel in a line to be sent to the HCU 
This value will typically be zero, except in the case where 
a number of dots are clipped on the lead In to a line. 



Numerator of contone scale tactor in X direction. 



Denominator of contone scale factor in X direction. 



Numerator of contone scale factor in Y direction. 



Denominator of contone scale factor In Y direction. 



Storage of decompressed contone data in ORAM 

256-bit DRAM access. ^ ^'"^^^ ^'"^ *° 
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ORAM wordp 



DRAM 

JPEG block 0 
HnesOtoS 



4 line 



JPEG brock 1 
fines 0 to 3 











4 line 
store 



— DRAM word q 



DRAM word 9+4 



ORAM word 



255 



C3^0 


1 C2U) 1 


CILO 1 


2^ ^ 

COLO 1 




1 -+ 

1 C2L1 1 


C1L1 1 


C0L1 1 


C3^ 


1 ^ 

C2L2 t 


C1L2 1 


C0L2 




LX2La r 




JCDL3 f 



JPEG btock n 
HnesOtoa 



JPEG btock 0 
lines4lo7 



JPEG block 1 
linds4to7 



L 



JPEQ block n 
lines4to7 



255 



191 



127 



C3^ t 


C2L4 1 


C1L4 1 


C3^5 1 


C2LS 1 


C1L5 1 COLS 


C346 1 


C2L8 i 


C1L8 « COLe 


03^7 1 


C2L7 1 


C1L7 1 C0L7 



wordq 
word q+l 
word 9^2 
wordq<i-3 



Implies one 256 bit read of a word in DRAM 



CX-CofofX 

LY - Une Y or 8 bytes of a line in a JPEG block 



Figure 108. DRAM storage arrangement for a single line of JPEG blocks in 4 colors 

sequence, as shown in Figure 108, is 



The CPU reads data line at a time in 4 colors from DRAM. The read 
as follows: 



line 0, block 0 in wrd p of DRAM 
line 0, block 1 in word p+4 of DRAM 

line 0, block n in word p+4n of DRAM 

(repeat to read line a number of tlaies according to scale factor) 

line 1, block 0 in word p+1 of DRAM 
line 1, block 1 in word p+5 of DRAM 

etc 



23.7,4 Decompressed contone buffer 

W?'?ir^rf ' u'""'' " ^ ^^^^ ^^^^ ^ storage of 2 x 256 bits 

at Its input. The CFU receives the data from the DIU over 4 clock cvcles {64 hU^ « «• i 1 

convener, in reality, each buffer is actually implemented as a double-buffer of 2 x 64-bits wide 

?o^wr^f^£t\Z'^^ '"^'^ double-buffer that writes are to occur 

to. wr^sel selects which double-buffer to write the 64 bits of data to when vur^en is asserted. 
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23.7.5 Y-scaimg control unit 

S'Jisi™' xc^'rs ^s^r' ^^^^^^ . ,o 

DRAM in singl. 25«-bil «:c=sses. ^al^n^""^ » "ad fa>n, 

Tte p™ioc.l md tim^g for r»<l accJ^io Dsf iT^J^ " '^'^ <"*i« !>» cycle). 

that writes are to occur to. ''>U'«r_faj^ for the current buflfer 

« set. and H^_6«jf is inverted. WheneveT d7u 2^^u^if^ ^^-'^'^Hf^-bugJ 
of data ftom DRAM to the buffer selec^tjlSS^I " "^'^ *° 

rd_en and rrf_^e/ gets mcrementedTo p'oinltoSe 3^ Ji. f from the buffer by asserting 

write the data to the output douWeiX of 2e Su^^f^^^ " *^ «=y'='«^ 

bill and.^.e«isassertS.*H^_«.«,/4^^t^^ the buffer, .^e/ equals 

o^o S^'4X^LTe^7i^5^^^^^ ^-or. before the CFU.oves 

direction is thus performed. '^""^^ intone data. Scalmg to the printhead resolution in the Y 

both curr^kal/Block an! Jr«« S^t^dedt!^ ^ ^ « ^""^ 

loaded With j;^cate_rfeHO«. siw^S^£iw^ ? ^■^-"T-'^^' ■''-^^'^*^-«««' gets 

nnes^.ORAM.^ealgoHth.fo^LXt:Xi;ZSSt^^eS^„^^^^ 
// assign read address output to DRAM 

cdu_diu_v«drr21:7) = eurr_halfblock 

cdu_diu_wadrI6sSJ . li„e[1.0> 

" ^i^^J^:i^tt'::\''-'""'^''-'"''^'' addresae. after each DRAM read access 

" mLT/o - - line Of contone in up to . coaors 

V sc«i.^ Z« T y-Scaie_denoxn - y_scale_num >=. O) then 
Pui:: ^x"i„: ^-"^''^-^^"^^ * y-S=ale_de„o. - y^scaXelnv^ 
if (Xine =. 3, then . _^„^ ^ ^^^^ ^^^^^ ^^^^^^^ ^^^^ 
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line 



// update half block address for st«>-^ ^ ,^ 

curr_halfblocJc = buf f.start_adr 
linens car t^adr = buf f_start_adr 



line_st«rt_««lr = buff_start adr 
else ~ 

curr^halfblock = line_st«rt_adr ♦ 4Hne offset 

else 

line -^-t- 

curr_halfblock - line^start adr 

else 

// re-read current line from dram 
y_flcale.count = y_scale_count ♦ y scale fl«n«™ 
curr_halfbloc)c = line.start adr ^'^"^^'^«"<^ 
else " 

block 

curr_halfblock 
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cfu^diu^rreq » 0 

wr.8el «s 0 
iwiacfv.buffao 



I 



Go a=» O 

cftj^dju_rreq = 0 

wr_se( e 0 
wr_adv_btjff e 0 



idle 



c 



3 



Go= 1 
wr_sel«o 



req 



c 



> 



cfu.dlu.rrdq s i 
wr_adv_buff = 0 



ack 



c 



3 



wr_sele0 
wr.adv_6uff « 0 



readl 



c 



cfu_dtu_fTeq « O 
wr_ser a 0 
wr.acfv_buff «= 0 



read2 



c 



3 



diu Cfll /Vfigrj ^ 



cftj_dtu_rroq = o 
wf.adv_buff = 0 



reads 



c 



gu Cfli fvafff^ 

cfu_dlu_rr©q 0 
wr_seJ = 2 
wr_adv_buff <= 0 



read4 



> 



.diu.rreq » o 
wr.seJ a 3 



Figure 109. State machme to r^ad decompressed contone data from ORAM 
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23.7.6 Contone Jtne store interface 

The cootone line store inMrf^ PI.vSftL miljnri "« ^ ""^ fte™ Ime-a.-lime. 

bcTerby ^rcIS: a;?^:^' *° ^ - available to 

DRAM «ien the CDU li^tt'S'ZlTrr " T i*' '^^ "^^^ ''"^y »«> "«adfa.m 
lines, it sends at, 

CFU may continue readinc from DRAM ,c^„ the CTO and buffjines_avail is inciemented by 8. TTie 
setwhi,eW-«««":^?fs^^^'^0^4^^^^^ 

from DRAM, the vlscaling c^^TtS^^^S > "^^^^ '^^^"^^ '^'"^ « ««« of contone data 
CDU to free the line iaL bSerT^ H "^t''*"" «> 

v///iepulse. er in UKAM. ft«^/*ier_aw<H/ is decremented by 1 on receiving a ifi^rf- 

Coior Space Converter (CSC) 

RGB. If Y<SCb2R0B 0^ " T"' "j iT^"" «1> »«» VCrta, « 

second suge. The 4(1, color otae tf^^, Jf^ ''^ ««1 "'ii*" pixels are pissed lo the 

Ptoteesabypassesthebloek. ^ " l» lb. the 44 color 

ROB. ^ oL h."i'S?fr,rd.2^^=LTo^,rcs;.~ 



23.7.7 
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Figure 1 10 shows a block diagram of the color 



space converter. 



color space " 
converterAnveiter 




■> cpi 



23.7.8 



»nveit_.cotof_plarto 



*-9«'« Of color spaco converter 

C^Sb";?;^^^ 10 bits Of coefficients a. 

version is •mplcmented as follows: ^' " niaintained with 18 bits. The con- 

• R**=Y + (359/256XCr-128) 

• G« - Y - (1 83/256XCr-128) - (88/256XCb-128) 

• B*-y + (454/256X0,-128) 

X-scaling control unit 



1. -179 is saturated to 0 

2. 135.5, with rounding becomes 136, 



3. -227 is saturated to 0 
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ignored. i.c. they are not written to the output buffer x ; ^ . . 



if (wradv == 1) Chen 

if (pixel_count « (™«Jblock,blll)) then 



pixel_count = 0 
else 

Pixel_count ++ 
if ( (pixel_count < leadin_clip_num} 

OR (pixel^counc > ({max bloc=)t hi in , ^ 

wr_en = 0 » t««x^oiocJc,blll} - leadout„clip^num) ) ) then 

else 

wr_en = i 

When a wr^en pulse is sent to the output double-buffer h„/r ',r ^ ^ 

algorithm for non-integer scaling is describedTS^ ^ 5 " implemented by pixel replication. The 
loaded with .^..rrjunr after ^ettd atlJe end of S^fj^^^^^^^ shol'L' 
fast puce .s scaled by. hcujine,le„gtk and hc^ TdotS^J^LT^" controls the amount by which the 
line that is sent to the HCU is scaled by. -"^-'^"^'^ *e amount by which the last pixel in a 

if <hcu_cfu_dota*r ==. jj then 

i:^''^^^:::^:-^: ---^^.n™ >. o, then 

rd_en - 1 ^'"lie-count + Jeac«le_den«n - x.»c«le_nu« 

else 



else 

X^scale^count = x^scale^counc 
rd_en = o 



received, then a p^jse is gemated xf^Z^^JZ-^^tl^^'' * *«'-<y5'-Wv pulse is 
reset to 0 and x_scale_count is loaded wlS^i^LT """P" ^^'^^ -^^.o^/vjounr is 
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24 Lossless Bi-level Decoder (LBD) 



24.1 Overview 



pass-through mode is proviS rfor 1 -.TiZ^^irTl''^ '^^f ^^AM access is available. A 

50:1. Lossless biAcvcl cotapression aZTT^ye^Tr^^^ 

which compress poorly. P*** " "^"t 20:1 with 10:1 possible for pages 

'^^^^'l^I^^'^Z^r^^^^ <^ The decompressedbi-leve. data is 

unit) for the next st^c^ pri^^^^^^^^ *f HCU (Halftooer/Compositor 

is used by the PCU and is avaSable ^SL^u,Tcm ^ ' control flag that 



ORAM 
Jntertfloe Unit 



IbtLltntshedband 



PCU 


^ 


LBO 







Spot FIFO 
Unit 



HCU 



24.2 



Figure 111. High level block diagram of UBD In context 

Main features of LBD 

Figure 1 12 shows a schematic outline of the LBD and SFV. 

at 1600 dpi. ^ * therefore be long enough to store a complete Itae 

The PECl LBD is required to output 2 dots/cvcle to thp Hrir Tks« .u 

SoPEC to minimise changes to the bloc^Z^^Jh: % nJi' T^* throughput capability is retained for 
PECl LDB outputs 16 bill^ ^al'eJ ^ L ^ b^f "7 ^^^^ ^ ' 'Jo*'<=y-l*- 

the LBD in SoPEC can run miS* festeMhS -S? ^.'1 ^oPEC. TTierefore 

Piocessing latency, to be ab^lSt ""''^ "^'°*^°« «t«lk. e.g. due to band 

grammed nlber of bits, jj^c^^ i^^"^^,:^^^^^^^ of or for a pre-pro- 

length code. foUowed by pass through. run-length code is alv«ys executed as a run- 
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A signal sfujdb_r<fy indicates that both the SFU's Naalin^Pmn - n , . 

wnting and reading, respectively. NextLineFIFO and PrevUneFIFO are available for 

Kbytts of stoage. l-TKbytts of stoiagt. An A3 lm« of 19488 d„B le^ns 14 

^L'lr^r "f ' "cycl. fo,p„*™«h ,:. o»,^™ 



LBD 



42- 



ORAM lead 



SFU 




AH FIFOs are 64 bytes 
(twice the ORAM data 
word width) 



WO nextjine FIFO Iprevjfne 
currjlne 





t 

r 









> ^ ORAM 



ORAM read 



Figure 112. Schematic outline of the LBD and the SFU 
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24.2.1 



Bi-level Decoding in the LBD 

length encodings. The encoding are listed in tSo3™ "^"^ 



Tabie 




by'l^P^^S^-trSr tS^^^^ «uo^ .Ode is activated 

number of bits, whichever is shorter IT^Is^^?^ J!^!!k °^ ^ °' » Pre-P«>grammed 

followed by pass through. The ^'^T^^^.Tj^Zr^^ " " '-S^e. 
aanorequalto31. *^ ^*^*'*""«""™'eng*nm-lengthwidianinofless 

il?M^ '^""/fgth (RL) encodings 




RRRRR1 



RRRRR1 



RRRRRRRRRRto 



RRRRRRRR10 



RRRRRRRRRRto 
RRRRRRRRIO 



RRRRRRRRRRRRRRROO 



RRRRRRRRRRRRFtBflOO 



Short Black Runtength (S bits) 



Short White Runtength (5 bits) 



Medium Black Runtength (10 bits) 



Metf urn White Runlength (a bits) 



Medium Bfadc RunJength with RRRRRRrrrr 3, 
enter pass through * 



Medium White Runlength with RRRRRRRr . 
Enter pass through 



= 31, 



U?ng Black Runiength (15 bits) 



Long White Runlength (is bits) 
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the right to most significant bit atlete^ * 1 04 are read m the same way fleast significant biTat 
There is an additional enhancement to the r,d fo^ i -.^ • 

for data to compress negatively using the G4 fSSoriS^* o?"^ '° *rough mode. It is possible 
pass the data to the LBD as un-compressed Irp^^S^i':,;:^:^^'^ «^ be easier to 

mented m the PECl version of the LBD. Whra 4e Sd^^^ ^ ^^'^^ ^ ^ i«>Ple- 

thedatastreamisanun.omprcssedbit.Sifi:S^Z~i^^^^^^^^^ 
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To enter pass through mode the LBD takes advantao*. nf a- ..^ 

of the nmlength pair is less than or eq^ tolTJlSi ^'JZ "'"^'^ ^'o^ 

the coding scheme of Table 104 it is still leeal to . ^ ^ nmlength. However under 

beendesignedsothatifashort^Li nSii if^^^ or long runlengtb. The LBD has 

command containing this runlen«th ifd^^ .«mtf!^, I™**.™ nmlength then once the horizontal 
mode and the bits fSlowin^hTSlen^i^:^^^^ 

either a programmed number of bits or Ae end of the W^kT" ' J *° ^""S^ is 

DRAM Access Requirements 



Table 105. DRAM bandwidth requifements 



Direction 



Read 



MaxJmum number of 
cycJes between each 
256^^^t ORAM 4 



256^ (1:1 compfessfon) 



Peak Bandwidth 
(bfts/cycfe) 



1 (t;1 compression) 



Average Bandwidth 
{bitaAcycle) 



1: At 1:1 compression the LBD requires I bit/cycic or 256 bits every 256 cydcs. 



O'l (tO:l OQftipresslon) 
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24.3 Implementation 



24.3.1 Definitions of lO 



Table 106. LBD Port Ust 




^nilTt^ read. Aread request must be accom- 

panled by a valid read address. 



Acknowledoe from DIU that read request has t>een 
accepted and new read address can be placed on 



Data from DIU to SoPEC Units. 
First 64-bits Is bits 63:0 of 256 bft word 
S€<»nd 64-bits is bits 127:64 of 256 trii word, 
^ird 64-bits Is bits 191:128 of 256 bit word 
Fourth 64-bits Is bits 255:192 of 256 bit word 



TrfrfVof '''^ ^"'y ^ "^^^^^^ to decode the 

address space for this block. 



Shared write data bus from the PCU. 



Read data bus from the LBD to the PCU. 



Common read/not-write signal from the PCU. 



fJ^.^w^^'" the PCU. When pci/./ftaLse/is high both" 
pcu_aadran<S pcu^dataoat are valid. 



cates the last cyde of the access. For a write cycle this 
tor a read cyde this means the data on UxLpcu^datain is 



Ready signal indicatino SFU has prevtous line data " 
available for reading and Is also ready to be written 



Advance line signal to prevfous and next line buffers 



Advance %wrd signal for previous line buffer. 
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Table 106. LBO Port Ust 



J3 



sfujbd_pidataf1 5:0] 



ibd,sfu_wdata[1 5.-01 



lbd_8fu.wdataval{d 



16 
1 



Out 
Out 



Data from the previous line buffer. 



Write data for next frne buffer. 



Write data valid signal for next line buffer data. 
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24.3.2 Configuration Registers 

^^^'!J^^' ConflguratJon Registers 



Controf reglstere 
0^ I Reset 



0x1 



0x0 



A write to this register causes a reset of 
the LBO. 

This register can be read to indicate the 
reset state: 

0 - reset tn progress 

1 - reset not in progress 



Writing 1 to this register starts the LBD. 
Writing 0 to this regfster halts the LBD. 
The Go register Is reset to 0 by the LBD 
when It finishes processing a bejvj. 
When Go Is deasserted the state- 
machines go to their idle states but all 
counters and configuration registers keep 
their values. 

When Go Is asserted atl counters are 
reset, but configuration registers keep their 
values (l e. they don't get reset). 
The LBD should only be started after the 
SFU is started. 

This register can be read to determine tff 



Setup registers ( 

1 0x08 

1 OxOC 


constant for during processing it 
UneLength 


opage) 
16 


0x0000 


(1 - running, o - stopped). 

Width of expanded bMeval fine On dotS) 
_ (must be a nrmltiple of 16 bits). 




PassThroughEnable 


T . 


0x1 


Writing 1 to this register enables pass- 
through mode. 

Writing 0 to this register disables pass- 
through mode thereby making the LBD 
compatible with PEC1. 


j 0x10 



1 Work regrsters (nc 


PassThroughDotLength 
'ed to be set up before processlnc 


16 


0x0000 


Number of dots for which pass-through 
mode win last. If the end of the line Is 
reached first then passthrough wlli be disa- 
bled. 


1 0x14 1 
1 0x18 


NextBandCunrReadAdft2l :S] 
(2S6-bit aligned DRAM address) 


} a band) 
17 


0x0000 
0 


Shadow register whteh is copied to 
CurrfieadAdnNfien (NextBancfEnabie =^ 1 
&Go^ 0). 

NexmandCurmeadAdrlQ the address of 
the start of the next band of compressed 
bi'level data in DRAf4. 




NextBandUnesRemaining 


75 


0x0000 


Shadow register which Is copied to Unes- 
Remaining \Nher\ (NextBandEnabfe == 1 & 

GOr»0). 

NextBandUnesRemaining 't^ the number of 
lines to be decoded in the next band of 
compressed bi-ievet data. 
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Table 107, LBD Configuration Registers 




NextBandPrevUneSouice 



Ne)ct8andBiable 



0x0 



Shadow register which is copied to Prsv- 
UneSource when (NextBandEnabfe = i 

1 - use the previous line read from the SFU 
for decoding the first line at the start of the 
next band. 

0 - ignore the previous Une read from the 
SRJ for decoding the first Hne at the start 
of the next t)and (an all O's Hne Is used 
instead). 



If (NextBandBnab/e 1 & Go =s= O) then 
'NextBandCunrReadAdrls copied to 
CunftBadAdr, 

'NextBandUnesRemaining Is copied 
to UnesRemalning, 
'MxtBandPfBvUneSoufce is copied 
to PfBvLIneSoarce, 
-Go is set, 

"NexmandEnable is cleared. 



Work registers (r 
0x24 

0x26 


ead only for external access) 

CurrReadAdr(21 :5J 

<256-tort aligned DRAM address) 


17 




J snouidt}eset 

The current 2564>it aligned read address 
within the compressed bi-fevei Image 
(DRAM address). Read only register 




UnesRemalning 


15 




Count of nunnber of lines remaining to t>e 
decoded. The band has finished when this 
number reaches 0. Read only register. 


Qx2C 
0x30 


PrevUneSouroe 


1 




1 - uses the previous line read from the 
SFU for decoding the first line at the start 
of the next band. 

0 - ignores the previous line read from the 
SFU for decoding the first Hne at the start 
of the next band (an air O's line is used 
instead). 

Read only register. 


0x34 


CurrWriteAdr 


15 




The current dot position tor writing to the 
SFU. Read only register. 




RrstUneOIBand 


1 




Indicates whether the current line is con^ 
sfdered to be the first line of the band. 
Read only register. 



24.3.3 Starting the LBD between bands 

and then stops, clearing K«f sci lbu Go). The LBD decodes a single band 

for the next bl^tS ie n^^t^^f ' ^"^^ °" Ibdjinishedband. The LBD can then be LaS 

^^^'^'^^^^^^^^'^"^ to process previously decoded bi-leveldau from 
There are 4 mechanisms for restarting the LBD between bands: 
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commands from DRAM. The LBD will have restartedby the tim^Tfl^h^ Sj? 
mands from DRAM. The PCU commands prosnTtte LBD-i^!^^ 

BandEnable for the next band. ^ ^"^"^ sets Afex/- 
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24.3.4 Top-level Description 

A block diagram of the LBD is shown in Figure 1 13. 



ORAM interface Unit 



T — r 

1 



v64 



(oftslass bl-l0vai 
decoder unK 



Stream 
Decoder 



^pass^through_doLteoflth 



2> 



IS 



pass_throughL^abla 



prsv.Une^aource 



Heglsterand 
Resets 



Cnes.femalnlnfl 



Pne^tength 



CoxTwnand 
Controller 



15. 



r 1 



IS 



aO 



tod^fiftbhedband 



Next Edge 
Untt 



Ibd.sftj. 



'9 ^. 



LineFlU 
Unit 



data 



1 kJb.i 



datavalid 



End of Band 
Unit 



pladvwor 



txi_pldata 



uadvline 



lbdi.sfij,wdat | 
'wdatavan 



Previous 
Line Buffer 



Spot RFC 
Unit 



Next 
Line Buffer 



Figure 113. Block diagram of lossless bi*level decoder 

The LBD contains the following sub*blocks: 
Table 108. Functional sub-blocks In the LBD 



Registers and 
Resets 



Stream Decoder 




Command Controfler 



Next Edge Unit 



Une Rli Unit 



ADMssesttie bl^evBl description from the DRAM through the DiU inter- 
race. It decxxies the bit stream into a command with arguments, which it 
then passes to the command controller. 



unit wth a timrt address and color to fill the SFU Next Une Buffer. It also 
provides the next edge unit starting address to look for the next edge 



Scans tfuough the Previous Une Buffer using its current address to find 
the next edge of a color provided by the command controller. The next 
edge unit outputs this as the next current address back to the command 
controCier and sets a vaiki bit when this address Is at the next edge 



™^ «\^SFU Next Une Buffer with a cofor from its current address up to a " 
limit address. The color and Umit are provkled by the command confroJIer. 



Doc: SoPEC.hardware.design 
Version: 2,3 



S3 Proprietary Document 



29 Nov 2002 
Page 310 



SoPEC : Hardware Design 



S5 



Naming of signals and logical blocks are taken from f 18]. 

24.3.5 Registers and Resets sub-bfock description 

ters. Z agister descriS J^L'^SDl'liTdtTS,!^^^ ^''^ ^"^^ 

LBD ignores fte previous tee i,5oZS L^i ^''T '^'^ ^ ""'^ ^"^"^ 'tc 

line regardless of what t^e out o7^^ is and acts as .f .t .s receiving all zeros for the previous 

'^^SS7c H^dZ^uI''^^ ^rr^ the resets used by the rest of the LBD and the Oo bit 
pressed dll^^ that « can start requesting data ftom the DIU and commence decoding of the <^m- 

/■ 

24.3.6 Stream Decoder Sub-blocit Description 

the empty space crealtd bv thl hfr^i !? » ^ "^^""^ ^^''^ ^"^^^ ^ F^O to fill up 
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A dataflow block diagram of the stream decoder is shown in Figure 1 14. 




Raune 114. Stream decoder block diagram 



24.3.6. 1 OecoaeC - Decode Command 

The DecodeC logic encodes the command from bits f, n nrrt- k * — 

mands: SKIP, VERTICAL and *° «>f ^ com- 

consumed. which feeds back to ftfSS rl^^to"^ ''^ ^ '° ^'"^^'^ ««« were 

S^ai'r^s::s.^si'S;ordeS^^ 

as a medium nmlength this Ml ^e sZ^ S^^ lT^^ >^ue. i.e. a number less than 3 1 . encoded 
length is decoded completely ifL^J^S^^? "^Tll. ^^'^ ^"^^^6 ''^i^ ™n- 

beanumberofbitsthatteprientun-coS^sedi^^ 

all these bits have been decoded succ3^S1So^ oniT P^-THROUGHmcde until 

or the line ends, which ever comes fiiT * programmed number of bits is reached 

24.3.6.2 DecodeD . Decode Delta 

15 bit mmiber. which is generally consideredT^Tn i ^ °° °"*P"^- ""^P^t is a 
dotsforanA4 pa«e and 19488 ^ts ^^ ^i'^^^^^^^^^^^ .^-^ " "-'^ *<> o»Iy address to 13824 
— ^A76B), a 2 s compiem ent representation of -3,-2,- 



Doc: SoPEC_hardware_deslgn 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 312 



SoPEC : Hardware Design 



i3 



and the current command. 
24.3.6.3 State-machine 



24.3.7 Command Controller Sub-block Description 

ins address to loolc fi?r th^ «Iw ^ - ^'™' ^"'"'"^^ '* provides the next edge unit with a start- 

liiie^d 4e fiL^S^TS.^^^^^^^ T changing element on the coding 

respeXSy ^ * *° "8^^ °f «^ °f the opposite color to aO 
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24.3.7.1 State machine 



Figura 115. Command controller block diagram 



The following is an explanation of all the states that the state machine utilizes 
i START 

a AWAITJUFFER 

The NEU contains a buffer memory for the data it receives from the SPf r wii»« ♦u^ ^ a 
Hi PAUSEjCC 

PARSE 
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When in this state the coomiand controller can «ceive one of four valid conrnrnds- 
a) Runlength or Horizontal 

^5^ Vertical 

•'-»pon».».o»vT. «L'^ot^rcC^.t^t:;j;r^" *»" » 

Skip 

Pass Through 

^^^^^Z'^^n.^T^^^^^^^ ^at is uses to construct 

LBD can recommence noLal decoTp^^n aS^^e t^t . 1 ^T"*^ "u*" 
color as the last bit in un-compressed^ sfr^pJi ^Z^T" ""^ "^."^ 

command controller as each A th„,«gh coSid^«^"£m f*" " w "^J" ^""^ 
cessed in one clock cycle. "^^'"^ "»e stream decoder can always be pro- 

V WATTJ-ORJiUNLENGTH 

Clock cycle the command cS^U^^^^ to '^^^o^^^ 

LENGTH dzaa. has been consumed. Once faaZ^J -A ^r^^^^™ ^ 
controller will reftim to the pSsfaT '^"'^ ''^ con^A 

WAIT_FORJtfE 
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FINISHJJNE 

At the end of a line the command controller needs to hold its data for fV,- r ^ , 




24.3.8 



Figure 116. State diagram for the Command Controller (CC) state machine 
Next Edge Unit Sub-block Description 

Comm«.d ControUcr as the next address in the current line tnd it sets a valid bh toShTSor^d 
^Ito that the edge l«s been detected. The Line FUl Unit uses this result to coS^rt th^JS^e 

this case the NEU wUl request more words fiom the SFU a«l wUl keep searching for an S^e. h wS oo^ 
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tinue doing this until it finds an edge or reaches fhA 



Commafxj Corttnolter 



Line 
Fin 
Unit 



id^coloi 



15, 



wnirAis_2eft> 



15, 



state 
fnachlne 



control 
signals 



15 



r 



Stream Decoder 



11 



detect 
edge 



P'^v^Bne.a 

prev.«ne_b 
< 1 



16 



ttld 



Next Edge Unit 



sfujt >d_pldata 
7t 



16 



ySfti_pladvwoig 
*bdisfu_advHne 



SFU 



Figure 117. Next Edge Unrt block diagram 



24.3.S.1 NEU Buffer 



struct the curont frame of the current line. ^ « "^e*^ from the previous bne to con- 

i°u?u? b ni? Si'f " after the data is received from the SFU as the SFU 

ompui IS not registered. The current raiplementation of the SFU takes two dooW ^„,-Uc «v„ . ^'^^ 

request foracurrent line is receiveduntil it is returnedandiegistered'^^^ 
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fiamc it needs it on the n«t clock cycle to maintain a decoded rate of 2 h,t« oi i, . . 
detailed diagram of the buffer in the NEU is shown fn F^l i? 



16 

use^prev_Nne_a — ^ 



16 

use_prBv_llne.b .4 ^ 



16 



sfu_Ibd_pld3ta 
pLbufLpdy.dly 



Figure 1 18. Next edge unit buffer diagram 

SL^e'd^e^^ -c^^^ ^ "^""J^^^' ///.e.a and ^e^rev./in^ 6, that are used to 

detect an edge that is relevant to the current line being put together in the Line Fill UnTt 

24.3.6.2 NBU Edge Detect 

The iV£C/Edge Delect block takes the two 16 bit vectors supplied by the buffer and based on the current 
Imeposmonn. the current line. .(?,and the current color, .^^^^^^ 
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c 



use,prBv^fine_a 



15 



1 C 



16 



0 3 15 



I 



1^ 



use^rev_line_ b I 



transrtioruwtob 



] r 



_Uansitior>,titow 



19. 



color.neu 



19, 



0 1 



7 



dQcode,b_eict a decode_b & FlRST,FLU_WRiTE 




I97masfced.data 



**code^b_ono^hot 



encode.b,4bft 
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Table 109. Decode.b truth tabfe 





m^mm 


0000 


1111111111111111 


0001 


1111111111111110 


0010 


1111111111111100 


0011 


1111111111111000 


0100 


1111111111110000 


0101 


1111111111100000 


0110 


1111111111000000 


0111 


1111111110000000 


1000 


1111111100000000 


1001 


1111111000000000 


1010 


1111110000000000 


1011 


1111100000000000 


1100 


1111000000000000 


1101 


1110000000000000 


1110 


1100000000000000 


1111 


1000000000000000 



^^^^^ ^ 10. Oecode.b.ext truth table 







Vertical(<3) 


111 


V€r1teal(-2) 


111 


VertJcaJH) 


oil 


OTHERS 


001 



sssS^STtS^l^'lta Z, """^ FIRSTjrLU_miTB is ' 1 ' which is only 

Ae'iSw r of "Processing the last picture element", this case states that "The co«iinB of 

c^^e^ ™r™"^t r °'^\^^'-y <=»>-eing element situatedXr^*',:^^' 

Tie vector endjrame, is a "one-hot" vector that is asserted during the last frame It asserts a hit i„ thp 
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24.3.8,3 Encocte_b_one_hot 



block. 1 1 1 lists the tnith table outlining the functionally required by this 



Table 111, Encode_b^one_hot Truth Tabfe 






AXXXXXXXXXXXXXXXXXI 


0000000000000000001 


XXXXXXXXXXXXXXXXX1D 


0000000000000000010 


1 XXXXXXXXXXXXXXXX100 


0000000000000000100 


1 XXXXXXXXXXXXXXX1000 


0000000000000001000 


j XXXXXXXXXXXXXX10000 


0000000000000010000 


1 XXXXXXXXXXXXX1 00000 


0000000000000100000 


1 XXXXXXXXXXXX1 000000 


0000000000001000000 


xxxxxxxxxxxiooooooo 


0000000000010000000 


J XXXXXXXXXX100000000 


0000000000100000000 


1 XXXXXXXXX1000000000 


0000000001000000000 


j xxxxxxxxioooooooooo 


0000000010000000000 


1 XXXXXXX100000000000 


0000000100000000000 


j XXXXXX1000000000000 


0000001000000000000 


1 XXXXX10000000000000 


0000010000000000000 


1 . XXXX100000000000000 


0000100000000000000 


j XXXI 000000000000000 


0001000000000000000 


1 XX10000000000000000 


0010000000000000000 


j X1 00000000000000000 


0100000000000000000 


j 1000000000000000000 


1000000000000000000 


1 0000000000000000000 


ooooooooooooooooooo 



24,3.8,4 Encode_b_4bit 

^ ^ ^-^^ determine the add^ss 

asserted the bit loca^ri^^JH^cS; is^^,^!^**"' ""^ ^ "^^^'^ « « "it 

number is one. if bi?one JeS^«n .h! ? then the 

one IS asserted then the number ,s one. etc. The delta supplied to the AEf/ determines 
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" "^"^ "'"^'"^ ^""""^^ ^l^' implemented 



to return bJp to the command 



^y,^ , ^'^^ V(n)blp = X * n modulus 16 

co^l extracted f ro« th. ^one-hot- 



vector and n is the vertical 



24.3.8,5 State machine 




Figure 120. State diagram for the Next Edge Unit (NEU) slate machine 

The following is an explanation of all the states that the yVEtAstate machine utilizes. 
i NEUJSTART 

co„tn,ller has e„te«d it's ^^B^F^ ^^^. T"^^** ^« ^'^-'i 

state. ^i-Putt state. When this occurs the NEU enters the NEUJFILLJVFF 

« NEUJ'ILLJBUFF 

completed it enters the NEU^OLD ,^^ ^"^^^ ^^"^ ^« ^^"^ P^^vious line. Once 

«/ NEU^HOLD 
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■m^U waits in this state for one clock cycle while data requested fton, the SFU on the last access 
iv NEUJiUNNlNG 

NEU^RUNNING controls the requesting of data from the SFU for fh#^ r^ma.^^o. r 

word .t needs for the current hne. as denoted by the LineLength, the NEU enters the NEU TmP^^ 

V NEU^MPTY 

S ZrlTh^^/r' ^^"^ ov^^«6^ the completed line to the SFU The 

2e LbS <^ -'"'--/i Signal is d^ ec^fj^ 
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24.3.9 Line RII Unit sub-block description 

who. it Im pm loBtbo ."Lite. 1 6 ■"' P"""!^ by *• Coommd Ommlto «>l 



A dataflow block diagram of the Jine fill unit is shown in Figure 1 19. 
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command controller 
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vmlnus.rBfo 
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4 Omct 



misstate 
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16 
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wQrH_sfuL%vdata 



16, JM-6^_wdata 
^ 



lbd.8fii_iMdat3vaid 



tbd.fifu^i 



SFU 



Figure 121, Line fiU unit block diagram 
The dataflow above has the following blocks: 

24.3.9.1 State Machine 

The following is an explanation of all the states that die LFU state machine utilizes. 
/ LFUJSTART 

longer zero, this only o^t^ on^^^^^ ^ ^^'^ ^ «^ no 

oniy occurs once the command controUcr start processing data from the Next Edge Unit. 

a LFU^EW^REG 
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aue mcu.. wiU cbance to il» LFU milPS^E lia <;»"Pl«<ed m on. clock cycle Ibe 

Ul LFVjCOMPLETEJtEG 

LFU_COMPLBTEJiEG fills out all the remaining oaits of the fem- »!.«» 

clock cycle. The command controller suppl^^^S^^^J ^^ JZ^^ T^'^^T^ 

to derive the limit and cotor ,el 16bit TwZboll^ZfJ ^xTZ . ""^^^ 

is the four lower significant iiJ of .o ifd'S /?f ^16 st TTf ' 

machine also maintains a check on Ih^^p^ c^c tb^ '^^^^^^ mask of ,rf_cofor. Tte state 

Oje .«xt that means that a ftame is compTed '^^d tl^ ''d^fan ^^^^^ ^ <=yf « 




Figure 122. State diagram for the Une Fill Unit (LFU) state machine 

24.3.9.2 llne_mi_data 

'^:^^,t^t^nJ!t,^\^,t' -/^^eU5.«^{rvalues and constructs the current frame that 

logic Sied Srie fiU flTr P^*'"^" ^ ^''^^ ^ 

lbd_sJu_^dJa. •""'-fiU-data. y»ork^_y^a is exported by the LBD to the SFU as 



if (lfu_stote == LFU_STAHT) OR (Ifu.state == LFU NEW REG) the,, 
work^sru_wdata - color_Bel_16bit If i^-NEW.REG) then 

else ~ 

worl,^e£u_wdatat(15 - liaic) downto limitl = 

colorjiel_16blt_lff(15 - linit, downto limit] 
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25 Spot FIFO Unit (SFU) 

25.1 OVERvrEW 

'^cJEl^^tSI^r'^"'' ^ "^"^ "'^'^^ ^ "^'-^^ between the LBD and the 
Ac SRi «, 7w A. ^ ,u i^"* perfonned in the horizontal and vertical directions by 

25.2 Main features of the SFU 

^eaPU replaces the Spot Line BuflFer Interface (SLBI) in PECl. Tie spot line store is now located in 
l^Af^AT"^ ^^"^ ^ '° Pro<i«'=ed by the LBD and outputs the 

"^""^ ^'^'^ fi" DRAM word, alreajTbe 

tB^tfdt-^v''£"H^l^'T:^^^ ^-^"^^^'^ '-^"g- the first 

flW r/i Lfr ^ ^ ? asserted, previous line data is not supplied until after the firet 

Jat the SFU IS available for writing. lbdjju_f,dvline tells the SFU to ad^cc to tt^ nS?^ 
*i'^f^-^'^"'f°*« received is equivalent to the LBD Une length, sju /rfT^ into^ t^e 
LBD should not generate Ibd^Ju^ladv^^rd or strobes until sjujdb _X 

A sic^ s/uJtcu_aMil indicates that the SFU has data to suddIv to the Hrn a^a- . 

X and Y non-integer scaling of the bi-leveJ dot data is perfonned in the SFU. 

^ ^^^^^"^y^ I <iot per cycle for all DRAM channels, 3 dots per cycle in total fread + read 
dSS ^ ^ ^ '^^^ '^^^^'^e ^""^^^ Pn^vious lines from 
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25.3 Bl-LEVEL DRAM MEMORY BUFFER BETWEEN LBD, SFU AND HCU 




high address 

lbcf_nextfine_acfr 

^ fbd_prevljne_adr 
hcu_readline_adr 
^ hcu_startfeadline_adr 

low address 





high address 

Jbd_nextline_adr 

hcu_readKnG_adr 
'bd_prevline_adr 
> hcu_startreadline_adr 

low address 



(b) 



(a) 

I I Free buffer space 

^^^^ space accessed by LBD Internee FIFOs 
Buffer space read by HCU Read Line FIFO 

O R"«lBuflerspaceieadbybothHCUReadUneFiFOandLBDIntertaoeFIFOs 

Figure 123. BMevel DRAM buffer 

before the HCU read line address in DRAM. previous line address reading 

The SFU inter&ces to DRAM via three FIFOs: 

•-The HCVReadUneFIFO which supplies dot data to the HCU 

b.The LBDNextLineFIFO which writes decompressed bi-level data frem the LBD 

cThe LBDPnrvLineFIFO which reads previous decompressed bi-level data for the LBD. 

There are four address pointers used to manage the bi-level DRAM buffer- 

».hcu_readline_adr[2I:5J is the read address in DRAM for the HCUReadLineFIFO 
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clbd_nextlme_adr/21:5J is the write address in DRAM for the LBDNextLineFIFO 
^lbd_prevline_adrpi:5] is the read address in DRAM for the LBDPre.LineFIFO ' 
The address pointers must obey certain rules which indicate whether they are valid- 

^^'^'"^^^''^r""' '^'^ Wne ^ LBDPr^LineFIFO is reading 

lbd,ne«line_odr[21:5J /« lbdj,re.llne_adr[2l:5] AND hcuj^tartreadlvi'valid. 
d.Tte LBDPr^LineFIFO can read right up to the address that iflZ>Afe«£/nJ//=-0 is writinij 

■"fi^lT^J ^ '^'^^ P«"««» are reset to start sfu adr[21 51 The first 

Sissr^'ai^rair^'"^^^"-^^^ 

f. The address pointers can wrap around the SFU bi-level store area in DRAM 

As a guidehne, the typical FIFO size should be a minimurn of 2 lines stored in np A • „ , ,• 

up to a progranunable number of lines. A larger b^Zws li nTtoT? ^^^'^"^^f^V 3 l^es. 

canbcuseful for absorbing local complexiti?2cC-;:r^iS^ ™» 
25-4 DRAM ACCESS requirements : 

The SFU's DIU bandwidth requirements are summarized in Table 1 12. 
Table 112. DRAM bandwidth requirements 




1: Two s^Miate reads of 1 hit/eyoie. 
2: Write at 1 bii/cycle. 



25.5 SCAUNG 



oi'^to' ftitcut^ t '"J™'" ^ '^^^^ »y the SFU so that 'the 

^enume^torshoulibegrert^t^^^Trdenr^^^ 
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if (count denominator >= numerator) then 
count = (count > denominator) - numerator 
advance ~ l 

else 



count — count 
advance = 0 



denominator 



X scaling controls whether the SFU supplies the next dot or a copy of the cunent dot when the HCU 
^ hcu_,Ju od^t. The SFU counts the number hau_sfu_allot s^^^T^LZ^^! 
SFU has supplied an entire HCU line of data, the SFU will either re-read current line fiSm dSSio^ 
advance to the n«ct line of HCU read data dependmg on ptogianuned Y scTfeao? 

asserted causes the next uiput dot to be output on the next cycle, otherwise the same input <^ ouJT 
Table 113. Non-Integer scaling exampte for scaleNum = 7, scaleOenom = 3 







m 


0 


0 


1 


3 


0 


1 


6 


1 


1 


2 


0 


2 


5 


1 


2 


1 


0 


3 


4 


1 


3 


0 


0 


4 


3 


0 


4 


6 


1 


4 


2 


0 


5 



25.6 Lead-in and lead-out cupping 

LTeTn?!,!?' '^.'^^'^ ^. SoPEC devices, each gencreting its own portion of a dot- 

SoPeS -Sf H«t r T ^^^^"^ scale-factor number of times by an individual 

SSSlJSJt H r '^'^'^^.'^.'^^^ *^'«=« °f Scaling, one on 

t^Txx ^ ^ ^'^'^ "P ^"^^ beyond die HCU line- 

*:5.j:;Cot;^Sr °" «^ <i«>» - ^ is «>nt«,ned by setting 

51^! fl^t"/ T** T"' Pse-do^ode above is set to XstartCo^t. If there is no lead-in. Xstart- 
2^ til^,n - T ^^.'^'^ ^ Table 1 13. If there is lead-in then J&r«rrCo«nr neeks to be 

set to the ^propnatc value of count in the sequence above. 
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25.7 Interfaces between LDB, SFU and HCU 




Figure 124, Interfaces between LBO/SFU/HCU 



25.7.1 LDB-SFU Interfaces 



25.7.1.1 LBDNextLineFIFO Interface 

"^"l^lfJ^^^'"^^^ ^^"^ SFU comprises the foUowing signals: 

• lbd_jju_wdata, 1 6-bit write data. 

• lbd_sJu_wdatavaUd, write data valid 

• Ibd^sfii^advline. signal indicating LDB has advanced to the next line. 

s^^^ ->-/M_r^^, is true. The LBD can thexefore stall waiting for the 

25.7.1.2 LBDPrevUneFiFO Interface 

'^\^^^/'^^^^f^^O interface from the SFU to the LBD comprises the following signals: 

• sju_lbd_pldata, 16-bit data. 

The previous line read buffer interface from the LBD to the SDU comprises the following signals- 
Ibd^sfu^ladvword, signal indicating to the SFU to supply the next 16-bit word 

• Ibd^JL^advline. signal indicating LDB has advanced to the next line. 
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Previous line data U not siq}plied until after the first Ibdjsfu^advline strobe from the LBD (zero data is 
supplied instead). The LBD should not assert lhd_^Ju^ladvword unless sjujbd^rdy is asserted. 

25.7. 1.3 Common Control Signals 

sjujdb^rdy indicates to the LBD that the SFU is available for writing. After the first Ibd _jju_adviine and 
before the number of Ibdjsfu^ladvword strobes received is equivalent to the LBD line length, 
sfujdb^dy indicates that the SFU is available for both reading and writing. Thereafter it indicates the 
SFU is available for writing. 

The LBD should not generate lbd_sJu^fl€idvword or lbd_!sfu_advline strobes until sjujdb_rdy is asserted, 

25.7-2 SFU-HCU Current Line FIFO Interface 

The interface from the SFU to the HCU comprises the following signals: 

• sjujtcu^sdata, 1 -bit data. 

• sfiijicu^avail, data valid signal indicating that diere is data available in the SFU HCUReadLine- 
FIFO. 

The interface from HCU to SFU comprises the following signals: 

• hcu_^_advdot, indicating to the SFU to supply the next dot 

The HCU should not generate die hcu_sfu_advdot signal until sfii_hcu_avail is true. The HCU can there- 
fore stall waiting for the sfii_hcu_avail signal. 
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25.8 Implementation 



25^.1 Definitions of lO 

Table 114. SFUPort List 



Clocks and Resets 



pdk 




In 


SoPEC Functional dock. 






In 


Global reset signal. 


OIU Read Interface signals 




sfu_diu_iTeq 




Out 


SFU requests ORAM read. A read request must be accom- 
panied by a valid read address. 


sfu_dru_radr[21:5J 


17 


Out 


Read address to OfU 

17 bits wide (256-blt aHgned word). 


diu.s(u.rack 




In 


Acknowledge from DIU that read request has been 
accepted and new read address can be j^aced on 




64 


In 


Data from DIU to SoPEC Units. 
Rrst 64*btts are bits 63:0 of 256 bit woni. 
Second 644)jts are bits 127:64 of 256 bit word. 
Third 64-bits are bits 191:128 of 256 bit word. 
Fourth 6443its are bfts 255:192 of 256 bit word. 


dfu^sfu.rvalid 


1 


In 


Signal from OIU tefling SoPEC Unit that valid read data Is on ~ 
ihediujOata bus. 


EMU Write Interface signals 




8tu.dlu.wreq 


1 


Out 


SFU requests DRAM wrrte. A write request must be accom- 
panied by a valid wrtte acMress together with valid write data 
arKj a wnte valkl. 


8fu^diu_wadr(21 rS] 


17 


Out 


Write address to OIU 

1 7 bits wide (256-brt aligned word). 


dni.sfii.wack 


1 


In 


Acknowledge from DIU ttiat write request has been 
accepted and new write address can be pJaced on 
$fu diu wadr. 


sfu.diu.data(63:0] 


64 


Out 


Data from SFU to DIU. 
Rrst 64-bits are bits 63:0 of 256 bit word. 
Second 64-Wts are bfts 1 27:64 of 256 bit word. 
Third 64-bits are bits 191 :128 of 256 bit word. 
Fourth 64-bits are bits 256:1 92 of 256 bit word. 


8lu_diu_wvaJid 


1 


Out 


Signal from PEP Unit indteating that data on sfu diu data is 
vafid. 


PCU interface data and control signals 


pcu_addrI5:2] 


4 


In 


PCU address bus. Only 4 bits are required to decode the 
address space tor this block 


pcu_databut[3l:0] 


32 


In 


Shared write data bus from the PCU 


8fu,jX5o^dataint31 :0] 


32 


Out 


Read data bus from the SFU to the PCU 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU 


pcu_8fu_sel 


1 


In 


Block select from the PCU. When pcLLS/U_se/is high both 
pcu^addr and pcu^dataout are valid 
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Table 114. SFU Port Llsf 



sfu_pcu_«fy 



LBO Interface Data and Control Signals 



Out 



cates the last cycle of the access. For a write cyde this 
means pcu_dataout has been registered by the block and 
for a read cyde this means the data on sfu _pcu datain is 



sfujbd_idy 



(bd_sfu_advHne 



lbd_sfu_pIadvword 



sfuJdb_ptdata[1S:0] 



16 



Out 



Out 

In 



Signal Indication that SFV has previous tine data availabfe 
andls ready to be written to. 



Une advance signaJ for both next and previous lines. 
Advance word signal for previous line buffer. 



Data from the previous fine buffer. 



16 



lbd_sfu_wdatavalid 



Write data for next line buffer. 



In 



HCU interface Data and Control Signals 



Write data vaCd signal far next line buffer data. 



hcu_sfu_advdot 



in 



Signal indicating to the SFU that the HCU is ready to ac^^ 
the next dot of data from SFU. 



sfu_hcu_sdata 



Out 



8ftj_hcu_avail 



Bi-ievel dot data. 



Out 



Signal indicating valid bl-ievel dot data on sfu_hcu_9data. 
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25.8.2 Configuration Registers 

Table 115, SFU Configuration Registers 



Control registers 



0x00 



Reset 



0x0 



A write to this register causes a reset of 
the SFU, 

This register can be read to Indicate the 
reset state: 

0 • reset in progress 

1 - reset not In progress 



Writing 1 to this register starts the SFU. 
Writing 0 to this register hafts the SFU 
When Go is deasserted (he state- 
machines go to iheir idle states but all 
counters and configuration registers keep 
their values. 

When Go Is asserted all counters are 
reset, but configuration registers keep their 
values (r.e. they don't get reset). 
The SFU must be started before the LBO 
is started. 

This register can be read to determine If 

the SFU is running 

(1 - running. 0 - stopped). 



HCUNumDots 



OxOC 



0x10 



0x18 



0x2C 



HCUDRAMWofds 



LBDNumWords 



StartSfuAdrf21:5) 
(256>bit aflgned DRAM address) 



XstartCount 



XscaleNum 



XscaleOenom 



YscaleDenom 



16 



12 



17 



0x0000 



0x00 



0x000 



0x0000 
0 



0x0000 
0 



0x00 



0x01 



0x01 



0x01 



Width of HCU One (In dots). 



Number of 256-bit DRAM worda In a HCU 

line. 



Number of 16-bft words in an LBO line. 
(LBO Itne length must be a multiple of 16 
Wts). 



First SFU location In memory. 



Last SFU location In memory. 



Value to be loaded at the start of every line 
Into the counter used for scaling In the X 
direction. Used to control the scaling of the 
first dot in a line. 

This value wiU typically equal zero, except 
in the case %vhere a number of dots are 
cfipped on the lead in to a line. 



Nunrwrator of spot data scale factor in X 
direction. 



Denominator of spot data scale factor in X 
direction. 



Numerator of spot data scale factor In Y 
direction. 



Denominator of spot data scale factor in Y 
direction. 
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Table 1 15. SFU Conflguraflon Registers 















nuuHeadUneAcfrl2t :5] 
(256-bit aligned ORAM address) 


17 




Current address pointer In ORAM to HCU 
read data. Read only register. 


0X34 


HCUStanReadUneAdr(21 S] 
(256-brt afJgned DRAM address) 


17 




Start address in DRAM of line being read 
by HCU buffer in ORAM. Read only regis- 
ter. 


0x36 


LBONextUneAdr(21:5] 
(256*bn aligned ORAM address) 


17 




Current address pointer In DRAM to LBO 
write data Read only register 


Ox3C 


LBDPrevUneAdft21 :5] 
(256-bit afigned ORAM address) 


17 




Current address pointer In ORAM to LBO 
read data. Read only register 
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25.8.3 SFU sub-block partition 




shj_dfu_wa<Jr(21:5] 
^ sfu_dju_data[S3:0) 

<£u_8fu_wack 



s<u_dlu_rreq 
sfu.diu_radr^1:5] 
dlu_8fu_data(e3:0J 
diu,sfu_rvaird 



Figure 125. SFU Sub-Block Partition 
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The SFU contains a number of sub-blocks: 







rv^u inierrace 


PCU interface, configuration and status regrsters. Also generates the Go 
and the /?esef signals for the rest of the SFU 


LBD Previous Line 
RFO 


Contains FIFO which Is read by the LBD previous line Interlace. 


LBD Next Une RFO 


Contains FIFO which is written by the LBD next Une interlace 


HCU Read Une 

prpo 


Contains FIFO which Is read by the HCU intertaoe. 


OIU Intertace and 
Address Generator 


Contains OIU read Interfece and DIU write interface. Manages the 
address pointers for the bHevel DRAM buffer. Contains X and Y scaling 



25.8.4 



The vanous FIFO sub-bloc^^ „o knowledge of where in DRAM their read or write data is stored. In 
this sense the FIFO sub-blocks are completely de-coupled from the bi-level DRAM buffer All DRAM 
address management is centralised in the DIU Interfece and Address Generation sub-block. DRAM access 
IS pre-emptive i.e. after a FIFO unit has made an access then as soon as the FIFO has space to read or data 
to wnte a DIU access will be requested immediately. This ensures there are no unnecessary stalls intro- 
duced e.g. at the end of an LBD or HCU Une. 

There now follows a description of the SFU sub-blocks. 
PCU Interface Sub-block 

7^! ^f^"^ ^^^^^^^ provides for the CPU to access SFU specific registers by reading or writing 

to the SFU address space* o & 
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25.8.5 LBDPrevLineFIFO sub-block 



Table 116; LBDPrevLineFIFO Additional CO Definitions 




pILrdy 


1 


Out 


Signal indicatino LBDPmLfneRFO id ready to be read 
from. Until the f?rst ibd^sfu^advfihe for a band has been 
received and after the number of ibd^sfujiiadvword strobes 
received Ibr a line Is equal to LBDNummids, ptf tdyXs 
always asserted. During the second and subsequent lines 
piLrcty is deasserted whenever the LBDPfmdJneFIFOls 
empty. 


uiu ana Address Generation sub-block SIgnaJs ' 


pit_diurroq 


1 


Out 


Signal Indicating the tBOPravU/jeF/FOhas 256-blls of data 
free. 


pff_diurack 


1 


In 


Acknowledge that read request has been accepted and 
pILiSurreq should be de-asserted. 


pILdiurdata 


1 


In 


Data from the DIU to LBOPrevUneFiFO. 
Rrst 64-blts are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bfts are bits 191:128 of 256 bit word. 
Fourth 64-bits is are 255:192 of 256 bit word. 


ptLdiunvalid 


1 


In 


Signal Indicating data on plfjcfiurdata is valid. 


pILdiuidle 


1 


Out 


Signal indicating DIU state-machine is in the IDLE state 



25.8,5.1 Generai Description 

^nJ^TlZ^'^^J^^^ sub-block comprises a double 256-bit buffer between the LBD and the DIU Inter- 
face and Address Generator sub-block. The FIFO is implemented as 8 times 64.bit words TTie RFO L 
wnttenby theDIUInterfaceand AddressGenemtorsub-block^^ ^ 
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pILdiurdata 



Figure 126. LBDPrevUneFifo Sub-block 

" « M u r ^ ^"^^ ^ '^'^ 256-Wts of data fiom the DIU Interface 
S^t?r Generation sub-block by asserting a signal indicates that the leq,^ 
has been accepted and;7^<fittr7B? should be de-asserted. request 

to the FIFO as 64-bits on plf_diurdataf63:0J over 4 clock cycles. The signal 
PnvLuieFIFO still has 256-bits fiee tbea pl/_diunvq should be asserted agaia 

Sfr^iH toterface and Address Generation sub-block handles all address pointer management and DIU 
mteriacmg and decides whether to acknowledge a request for data from the FIFO. 



pclk 
plf-diuneq 
plf_diurack 
plf^diurvalid 
plCdiurdata(63:0] 



J — L 



I M 2 I 3 I TJ 



Figure 127. Timing of signals on the LBDPrevUneFIFO Interface to DIU and Address Generator 

S'n^'.r^^^*'"^'''*^^^*^'^^^^"'^^^ '28. If^^^oisdeasserted 

then the State-machine retuins to its <^/£ State. -^t/wuwwswa 
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Idle J 



diuidle = 1 



2S6-bitefrgftHiPlim 
^ Request ^ dlurreq = 1, druidle =0 



dluraelcs^l 
^ Ack ^ diurreq=0 
^ dlur vanrf=-| 

^ DataO ^ 



c 



Oatal 



diurvaird^-f 

) 



dlurvalld==l 



^ Data2 



cliUfvalM=^ 



^ Data3 ^ 

Figure 128. Timing of signals on LBOPrevLlneFIFO interface to DIU and Address Generator 

I^^^ J^^^'^'*^ "^^^ ^ LBDPrevLineFIFO on sju lbd_pldaXa[lS 01 

"^■^f^ord ftom tbe L8D tells the LBDPrevUneFIFO to supply the next 16^1t w^^L The FIFO 
control »08»c genwates a signal wnOe&c/ which selects the next 16-bits of the 64-bit FIFO word to out- 
fit Ztr^'J""^i'''°^- ^ '"^^ wonl has been read by Se lTd 
U>a_^_pladwvord will cause the next word to be popped from the FIFO. 

^"^""^ T*^^ lbd^fii_advline strobe ftom the LBD after 4/i,_eo is 

SXS^bcsXIreT"' ^ ^-^^-^'"^ 

ff^T^"^^^^""^^ '°^!f * <^^i^.pl'^ord_count{JJ:OJ, to counts the number of 
£r^J^ A v"** I" "^^ W^'^vM^z-rf-Counr counter is reset to 0 by 

^DNu^^. """"^ /W^A^/oA^n/ strobes received is equal t^ 

iEr.^^^T^^^''^^ gwierates a signal pl/_rdy to indicate that it has data available. UntU the first 
lbdijfii_aA>hne for a band has been received and after the number of lbd_fJu_pladvy,orti strobes received 
ir !f "''"^ ^DNumWords.plf_rdy is always asserted. During the Second and subsequenrU^ 
plLr<fy IS deasserted whenever the LBOPrwUneFIFO is empty. «»cqueni unes 

^^ITt^^-^- tJ!f ^ "^'^ ^""^ P^*'"'^ should not be output to 

oTth^ lbd_num_m>rds may not fit exactly into a 256-bit DRAM word. When the count 

Z«ie/7FO must adjust tbe FIFO read address to point to the next 256-bit word boundary in the FIFO This 
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If (pladvword^count IbdLnunuwbrds) then 
read_adrll:OJ e bOO 
reaa^adr(2] = -rea<iLadr [2] 



25-8.6 LBDNextLfneFIFO sub-block 



Table 117, LBDNextLlneFIFO Additional lO Definition 




LBDNeartUneFIFO Interface Signals 



filf_rdy 



Dm and Address Generation sub-brock S ignals 

nlf^diuwreq 



Out fiQna^in6k^nngLBDNextUrwRFOisrea<fytot)eYmento 
there is space In the FIFO, 



nrf.diuwack 



nlf_diuwdata 



nlf_dtuwvalid 



Out 



Out 



In 



Signal Indicating the LBDNaxtUneFiFO has 25&bflts of data 
forwrftlng to the DIU. 



Acknowledge from DfU that write request has been 
accepted and write data can be output on nff diuwdata 
together with ntLdiuwvalid. 



Data from LBDNextUneFIFO to DIU Interim 
Rrst 64-blt8 is bits 63:0 of 256 bit wonf 
Second 64-Wts Is bits 127:64 of 256 bit %vord 
Third 64-bit8 is bits 191 :128 of 256 bit woid 
Fourth 64-bits is bits 255:1 92 of 256 bit wonJ 



Signal indicating that data on wiLdiuwKiata Is valid. 



J 



25.8.6.1 Generai Description 

2! tf f S^^^^^ "^^^'^^ '^'"P"^ * 256-bit buffer between the LBD and the DIU Inter 
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lid_8ftj_wdaia , 



16 





64 


> 


M 



lbd_sfu_wvalid 



ft>d_sfu_advfino 



^-fttxnuwdsj^ 



nlf_fdy 



64 



Sword 
64-bit FIFO 



wnte 



word^sefeci > "2 wfte_adr 



read 
— ^ 



writo.en 



read.adr 



nH_diuwdata 



HFO control 
logic 



nBLdiuwreq 



ntf_diuwack 



ntf.dluwvafid 
► 



Figure 129, LBDNextLlneFjfo Sub-block 
Whenever 4 locations in the FIFO are Ml the FIFO wiU request 256.bits of data to be written to the DIU 

nas been accepted and nlf^diuwreq should be de-asserted. On receipt of «// diuwack the data is sent tlX 
Sl^tifn'?'' ^^"^ T -V-^^^-'-l^^'O] over 4 clock cycL The signTj^^^^ 
that the data on nlf_jiiuwdata[63:0] is vaUd. nlf^dius^alid should be assertSwithlhHZ li^^^ 
^^^-^^-^^^ ^ -e to tra^rlrn^/!^^^^^ 




n]f_wdiudatar63:0] [ 
nlf_diuwvalld 



Fljur. 130. Tln.lnB «9„.l, „„ L8DN«aLlt..HFO MMfce. to OIU .nd Acktan awnnw 
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■OQ=Q 



— » ^ Idle ^ 



256.bftainFIPr> 



^Request ^ diuwieg^i 



diuwreq aO 



^ Patal ^ 



Oata2 ^ 



dluwvalidsl 



^ Pata3 ^ <fiuwvaJki=:l 



Figure 131, LBDNextUneRFO DIU Inteiface State Diagram 

The si^l nl/i^ indicates that the LBDNextLineFIFO has space for writing bv the LRn Th. r 

IS equal to Ltsoi^umWords, Any data remaining in the FIFO is firat flushed np AXir j ^ . 

added to ail a complete 256-bit word f "-u is lirst flushed to DRAM with padding bemg 



25.8.7 sfu.lbd^rdy Generation 



^""^^ ANDing from *c ^/>P,^L«eF//ro and „//_^ from dxc 

So^^SlSJS^AftefAl' W *I ''i'," ^^'^''^ '^-^ available in die 

receivS^ r^^^f ■ ^ .*f. ^ lbdjiju_adyline and before the number lbd_fJu_plcuivword strobes 
sXtte Z^oi"'' '"^J^;^-'^-'^ that the SFU i. av^£lf t^^^l 

mere .s data m the LBDPrevLineFlFO, and writing. TTiei^after it indicates the SFU is available for 
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25.8.8 LBD-SFU Interfaces Timing Waveform Description 

InFigure 132, s/u_wdata_reg is the register in the SFU that registers the data written from the LBD anrt 

The main points to note from Figure 132 are- 
' lft:?Sefu^nt:t?cyS^'*^'^^^*^^ 

' SL^f.i,**"/?'^'^-^^''"'^'' '^'^ ^^'^^ by lbd^/u.y>datavalid being asserted 

* c^ll'fQ!?^^' ? f-^f-r^ " ^^^^'^ LBD can not react to this signal until clock 

ST l^ r^.u T'^ ^ *^ "^"^ ^^'^ LED which is captured inSck^le 4 Sv 

Sri^c^? last available location available in the FIFO in tiielpu. In crockcSJr4 tS^ 

LBD has entered a pause mode and waits fbr sfiijbd_idy to be asserted again ^ 

o!t,„tZ^J i u available again. ITmj LBD detects this and on clock cycle 8 it starts 

l^TS^^lT"^ /*^-^>->«*»/a^/.V/ and putting new data out which is re/stl^^'b^ 

^notrSS.^"" °" "'^^•^ bimt^toL On examination this turns 

Scenario I: 

S'^^-lf^L^" Z*"^ " is stiU 1 piece of data in the FIFO. If there is a 

ttrf^>&^/«A/vr«^pulsemthenextcycIethedatawillappearon5AJ6rf^f^^^ " mere is a 

Scenario 2: 

""^Il^" 'r ^1 I piece of data in the FIFO. If there is no Ibd sfi.nladvword 

Sfm DR^M ^ ''f' SFU wiU read the data foV£^^ 

Scenarios: 

J° ^ ««« 1 Pi«=e of data in the FIFO If there is no 

«t?i?cfr^' f^-t-^u de-asscited, and the data will not be read out from the FIFO Ho^ 
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Read from SFU to LBn 




Figure 132. Signal waveforms between LBD and SFU 
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25.8.9 HCUReadLineFIFO sub-block 

Table 116. HCUReadLineFIFO AddftlonaJ lO Definition 











DIU and Address Generation aut 


Hbtock Sig 


^al8 




■ I^ACIU vol IVV 


1 


In 


Signal from horizontal scaling unit 
1 - supply the next dot 
1 - supply the current dot 


hdLhcuendoffine 


1 


Out 


Signal lasting 1 cyde Indicating then end of the HCU read 

fine. 


hrf.dfurreq 


1 


Out 


Signal Indicating the HCUReadUneFlFOhas space for 256- 
bits of DIU data. 


hrf.diurack 


1 


In 


Acknowledge that read request has been accepted and ~ 
hrCdiurmq should be de^asserted. 


h/f_diurdata 


1 


In 


Data from HCUReadLineFIFO \o DtU. 
First 64-blts are bits 63:0 of 256 bit word. 
Second $4-bits are Wis 127.-64 of 256 bft word. 
Third 64-blts are bits 1 91 ;1 28 of 256 bit word. 
Fourth 64-bits are bits 255:1 92 of 256 bit word. 


hriLdlurvalid 


1 


In 


Signal indicating data on p/T diufdata is vaRd. 


hrf.diuidle 


1 


Out 


Signal Indicating DtU state-machine is In the IDLE state. ~ 



25.8.9.1 General Description 

ISlr^^n^r^^^^ sub-block Comprises a double 256-bit buffer between the HCU and the DIU 
toterface and Address Generator sub-block. The FIFO is implemented as 8 times 64-bit words The FIFO 
is wntten by the DIU Inteifece and Addi«« Generator sub^ock and read by the HCU 



LBD 
sfu_he((_sdala ^ 



btt.serect 



s<u_hcu^avaH 



hcu_sfu_advdot 



bcu^unudots 16 

7^ 

hrf.xacfvance 



64 

-7^ 



8 word 
64-bit FIFO 



read 



wnte 



rsad.adr 



writo_en 



64 



-hrfjdhjrdata 



/'3 



wrfte_adr 



FIFO control 
logic 



hff_hcu,enctofljne 



hrf.diureck 



hrf_dfurvaHd 



Figure 133, HCUReadUneFifo Sub-block 
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The DIU Interface and Address Generation (DAG) sub-block interface of the HCVReadLineFIFO is iden- 
tical to the LBDPrevLineFIFO DIU interface. 

Whenever 4 locations in the FIFO are free the FIFO will request 256-bits of data from the DAG sub-block 
by asserting hrf_diurreq, A signal hffjtiurack indicates that the request has been accepted and hrfjtiurreq 
should be de-asserted. 

The data is written to the FIFO as 64-bits on hrfjiiurdata[63:0] over 4 clock cycles. The signal 
hrfjiiurvalid indicates that the data returned on hrf_diurdataf63:0] is valid. hrf_diurvaiid is used to gen- 
erate the FIFO write enable, write^en, and to increment the HFO write address, write^adrf2:0J. If the 
HCUReadLineFIFO still has 256-btts free then hrfjtiurreq should be asserted agaia 

The HCUReadLineFIFO generates a signal sfujicu_avail to indicate that it has data available for the 
HCU, The HCU reads single-bit data supplied on sfujtcu^data. The FIFO control logic generates a sig- 
nal bit^eiect which selects the next bit of the 64-bit FIFO word to output on sjujicu _jdata. The signal 
hcujsfu_fldvdot tells the HCUReadLineFIFO to supply the next dot {hrfjicadvance 1) or the current dot 
{hrfjcadvance « 0) on sjujicu^sdata according to the hrfjicadvance signal from the scaling control unit in 
the DAG sub-block. The HCU should not generate the hcu ^Ju_advdot signal until sju hcu avail is true 
The HCU can therefore stall waiting for the sfii_hcu_avail signal. 

When the entire current 64-bit FIFO word has been read by the HCU hcu_sJu_advdot will cause the next 
word to be popped from the FIFO. 

The last 256-bit word for a line read from DRAM and written into the HCUReadLineFIFO can contain 
dots or extra padding which should not be output to the HCU. A counter in the HCUReadLineFIFO. 
hcuadvdot_countfI5:0J, counts the number of hcu^Ju_advdot strobes received from the HCU. When the 
count equals hcu^num_dots[15:0] the HCUReadLineFIFO must adjust the FIFO read address to point to 
the next 256-bit word boundary in the ITFO. This can be achieved by considering the FIFO read address, 
read^adr[2:0J, will require 3 bits to address 8 locations of 64-bits. The next 256-bit aligned address is cal- 
culated by inverting the MSB of the read^adr and setting all other bits to 0. 

If <hcuaavdot_count == hcu^unudots) then 



The DIU Interface and Address Generator sub-block scaling unit also needs to know when 
hcuadvdot_count equals hcu^num^dots. This condition is exported from the HCUReadLineFIFO as the 
signal hrfjicuendofline. When the hrfjicuendqfline is asserted the scaling unit will decide based on verti- 
cal scaling whether to go back to the start of the cunent line or go onto the next line. 



The SFU must output 1 bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This.could lead to a stall by the SFU. This staU could then propagate if the 
margins being used by the HCU are not sufficient to hide it. The maximum stall can be estimated by the 
calculation: DRAM service period - X scale factor ♦ dots used from last DRAM read for HCU line. 



read.adr(l:0) s bOO 
read_adrr2] = «read_adr[2] 



25,8.9.2 DRAM Access UmitaUon 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 347 




SoPEC : Hardware Design 



25.8.10 DIU Interface and Address Generator Sub-block 



19. DIU Interface and Address Generator Additional lO Description 







Internal LBDPrevLlneFIFO Inp 


[Its ' ' 1 f r 


ptLdiurreq 




In 


Signal indicatfng the LBDPrBvUneFiFOhas 256-t>fts of data 
free. 


pILdJurack 




Out 


AcknowTedge that read request has been accepted and 
pILdiumq should be de-^sserted. 


pjf.diunlata 

• 




Out 


Data from the DIU to LBDPrevUneFtFa 
First 64-btts are bits 63K) of 256 bit word 
Second 64-bits are bits 1 27:64 of 256 bit word 
Third 64-bits are bits 191:128 of 256 bit word 
F=burth 64-bits are bits 255:192 of 256 bit word 


plf_dIunvaUd 




Out 


_ jigial indicating data on pILdiurdata is valid. 


pff.diuMIe 




In 


Signaf Indicating DIU state-machine is in the 101^ state. 


IntemaJ LBDNeictUneRFG Inpu 


is ' 


nffjdiuwreq 




rn 


Signal indicatng the LBDNeKtUneFiFO has 256-bits of data 

for writing to the DIU. 


nlf_diuwacl( 




Out 


Acknowledge from DIU ttwt write request has been 
accepted and write data can be output on ntf diuyvdata 
together with nff diuwvatid. 


nULdiuwdata 




In 


Data from LBDNextUneHFO io DIU Interface. 
Rrst 64-bits are bits 63.-0 of 256 bit word 
Second 64-bIts are bits 127:84 of 256 bit word 
Third 64-bits are bits 191:128 of 256 bit word 
Fourth 64-blts are bits 255:192 of 256 bit word 


> 1 II _u 1 u wva uQ 




In 


Signal indfeating that data on wifjdiuwdata is vaHd. 


Internal HCUReadUnenFO Inpu 


ts ' 


hrf.hcuendofiaie 




in 


Signal lasting 1 cyde indicating then end of the HCU read 
tine. 


hiOcadvance 




Out 


Signal fronfi horizontal scafing unit 
1 - supply the next dot 
1 - supply the current dot 


hfl.diurreq 




In 


Signal indicating the HCUReadUneFIFO has space for 256- 
bits of DIU data. 


hrf^diurack 




Out 


Acknowledge that read request has been accepted and 
hrf^dUirraq should be de-asserted. 


hrfjdiurdata 




Out 


Data from HCUReadUneFiFO to DIU. 
Rrst 64-Wt8 are bits 63:0 of 256 bit wid 
Second 64-bit8 are bits 1 27:64 of 256 bit word 
Third 64-bits are bits 191:128 of 258 bit word 
Fourth 64-btts are bits 255:1 92 of 256 bit word 


hrf^dlurvafid 




Out 


Signal indicating data on plf_diurdata is valid. 


hrfjdiuidle 




In 


Signal Indicating DIU state-machine is in the IDLE state. 
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25.8. 10. 1 General Description 



25.8.10.2 DIU Write Interface 



^ni^wJ^^^T » ^^-^^ bi-levcl buffer in DRAM It has a 

All DRAM address management is centralised in the DAC. DRAM access is pre-emptive i e after a FIFO 
unit has made an access ften as soon as the FIFO has space to read or data tJ DW acS tfu ,2 

otSfi^r ^ """" "''^ inttoducedTg^ S^enTof aTLBD 

1^ bToTl?^" f ^""^^ """^""^ non-integer scaling logic is completely contained in the DAG 
»h .1, ! ""P^"" hyjcadvance signal to the /^UReJdLineFIFO S Sd^ 

cates whether to replicate the current dot or supply the next dot for horizontal scaling 



LBDNexilMeFlFO z<^t^^ ^\ the DIU write interface signals directly exceot for 
^/Li.rfru.wfl*/?/. 5/ wbch is generated by the Address Generation logic ^ 

SLS" e"'Sra^/?-T'S'''^"'f "^"^ ^ '-P^'^^-* Pofte' - DRAM is 

^luu_Z^q " «»P'«"entat.on must ensure that no erroneous requests occur on 



ntf_dkjwr©q 



nfLadrvalfd. 



& 



. nlLtfiuwaok 



nff.diuwdata 64 
— 



ntLdiuwvaikj 



DIU 
4 Write 



stu_dH/_wmq 



64 



y ► sfu_dlu_data(e3:0j 
— ► sfu_dlti_wvatkl 



Figure 134. DiU Write Internee 



25.8.10.3 OfU Read Interface 



S^S^.^fvT'lt''^^^ ^"te^^- I^both sources request simuL 

f!'^'!^.^'*^^'''' ^''^^ generates a signal, selectjtrjplf^ which indicates whether the DIU 
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8O(0CLhrfplf 




hff_d?urdata 



pHLdlurdata ^ 



ptCdiurvalld ^ 
hrt.<tiurvafld ^ 



dlu.$fu^ck 



diu_sfu.dala[63:0] 



dlU_8fU_JVBfid 



Figure 135, DIU Read Interface multiplexing by select_hrfptf 

arbitr^on logic is shown in Figure 136. The aibitration logic wiU select a DIU read 
request on fuf^diurreg or plf^diurreq and assert sjujtiu^rreq which goes to the DIU. The accompany^ 
DIU read address is generated by the Address Generation Logic. TTieLect signal select hHpV^^H 
accorAng to tite arbitration winner d^HCUReadUneFIFO^ 1 = LBDPrevluLFIFO)^^^ 

^mJ^ ™ JJ-'' ^^Sr'!?^ ^"^^^ °° diu^^fi^^rack, Artitratioa cannotSptl SIS 
the DIU stete-rnachme of the arbitration winner is in the idle state, indicated by diu idle. TOs is Sce^ 
to ensure that the DIU read data is multiplexed back to the FIFO that requested it necessary 



hrf_<fluwreq 



hrLadrvaUd 



pffjcliuwreq 



plLadrvafld. 



& 



& 



diu_8fu_rack , 
diu_klle 



Read Request 
AfbitxBtioii Logic 



2 

histoiy 



busy 



^ selecUir^lf 
-^sfu.dlu_rFeq 



Figure 136. DIU read request arbitration logic 
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The DIU read requests from the HCUReadLineFIFO and LBDPrevLineFIFO wUI be neEated if their 

If the HCUReadLineFIFO and LBDPrevLineFIFO request simultaneously, then if the reauest is not fol 

implliTnte a ml^rJSTcr *° *° '^'^ arbitration logic 

^tanents a round-robin shanng of read accesses between the HCUReadLineFIFO and LBDPrevUne- 

A pseudo-code description of the DIU read arbifraticn is given below. 



hrC is HCUReadLineFIFO, pit is LBDPrevLineFIFO 



// hiscory is of type (none, hrf, 'plC>. 
// initialisation on reset 
select_hrfplf = 0 // default choose hr.f . 
history = none // no DIU read access iroediacely precedina 

// f'"'»-~='';i"e is busy between assertino 8£u_dlvL,rr^ and diu i«e . l 
^f ;di:!idrrf/r:hr ^« the„ de^ari:rt Ley 

busy « 0 

//if acknowledge received from DIi} then de-assert DIU request 
if (diu_sfu_rack i) then ^H"c»t 

//de-assert request in response to acknowledge 

sfu_diu_rreq =0 

// if not busy then arbitrate between incoming requests 
//If request detected then assert busy 
if (busy «s= 0) then 

//if there is no request 

if (hrf.diurreq == 0) AND (plf^diurreq == O) then 

sfu_diu^rreq a o • 

history » none 
// else there is a request 
else { 

// assert busy and request Diu read access 
busy B 1 
sfu_diu_rreq a 1 

// arbitrate in round-robin fashion between the requestors 
{i it Z HCUReadLxneFIFO requesting choose HCUReadLineFIFO 
If (hrf_diurreq == l) and (plf^diurreq O) then 

history = hrf 

eelect_hrfplf « o 

tLrilf ^^^^^jLneFIFO requesting choose LBDPrevLineFIFO 
If (hrf^diurreq O) AND (plf.diurreq == 1) then 
history = plf 
select_hrfplf = i 

^i^fv,*^*'^"*^^*'^^''*^^^ ^'^^ LBDPrevLineFIFO requesting 
if (hrf_dxurreq == 1) AND {plf_diurreq =«= i) then 

// no inmediately preceding request choose HCUReadLineFIFO 
if (history «= none) then 's^^'v 
history « hrf 
select_hrfplf « 0 

eLif rX%""e^"™""*"'"*"™ I^OPrevLin-FXPO 

history = plf 
seXect_hrfplf & i 

e^slf ZZl'Z r='^rf,"ther'""'""^"'^° HOmeadLineFXFO 

history = hrf 
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2S.8.10.4 



Si 



sel€ct_hrfplf = 0 
/ / end there is a request 



Address Generation Logic 
The DIU interface generates the DRAM addresses of data n^ad and written by the SFU^s FIFOs 



afu_flo 








' '' 1 

17^ 8tarl_8fu_adf 






8fu_dfu_radrt2l:5] 








stu.diu.«vadr{2l:5} 




17^ «ftdL«fci.adr 


P 




— > 




» 


Address Generator 








8 ^ hcu_dram_worrfs 








Ncu.r9adRno_adr 






» 






hcu,etaftrea<fllne_adr 












t)d_nsxtfina.adr 




'vf.cfiurack 








axJ_prevtlne_adr 


— ► 


nHLfHuwadc 


> 






hff_adrvalid 




ptf^dhjffBck 


1 






Ml_8tart.adfvalld 






» 






nTLadrvafid 












pif.adrvalid 









Figure 137. Address Gsneiation 

The address generator is configured with the number of DRAM words to r«.H i„ « Hr>ir ,• 

Address Generation 

There are four address pointers used to manage the bi-Ievel DRAM buffer 

hcu_readIine_adrpj:SJ is the read address in DRAM for the HCUReadLineFlFO 

"tJr^^^M'-'^^^''""^^^-^'^^^-^^- 

c. lbd^nextUne_adr[21:5] is the write address in DRAM for the LBDNextLineFIFO 

d. lbd_pre^line_adrpi. SJ is the read address in DRAM for the LBDPr^LineFIFO 
The current value of fliese address pointera are readable by die CPU. 

Four oo.respondu,g address valid flags are required to indicate whether the «ldress poimers are valid- 
a- ftlj_jaarvalid, 
*>. hlfjstcwt^adrvalid. 
c nlfjadrvalid, 
plfjadrvalid. 
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Si 



DRAM »^ a„ OTOs »iU « b. issued ■<, d« D.U ft. ^p^,.^ ^ ^„ 

Rules for address pointers 

The ad<lresspoinBB must obey ceMtorale, which imlic.«wl,«te,ttq,„i^y. 

'yi-^'y^-fP':Sl is only .did ifi, i, ,eadi«g esrlier in (he li„ u™, 

f. The address pointers can wrap around the SFU bi-levd store area in DRAM 
X scaling of data for HCUReadLineFIFO 

^ ^cE>/e.a^T^;S?l*Jdltr^^^^ When I 

should supply the current dot hrf_;cadvance is 0 the HCUReadUneHFO 



By. xstarucount 

' — ^ 






B . xscale_num 

»cale_d6nom ^ 
i> 


X Scaling Control 
Unit 


^ ► 




^-sfu_advdot 


' ¥ 



Figure 138. X scaling contiol unit 
J^IoS^"^^'::,":^^^^"^ ^ '^^r P""'^'"^^ x_.c«/e.c..„, should 

if (liCu_8fu_<Jotadv == 1) then 

" V"""'' * ^sc«le_denom - ^scale_num >- O) then 

else 
else 



Doc: SoPEC^hardware design 
Version: 2.3 



S3 Proprietary Document 



^ Nov 2002 
Page 353 



SoPEC : Hardware Design 



x_scale_count «r x_scale_count x 
hrf_xadvance = 0 

Y scaling of data for HCURcadLlneFIFO 

if (hrf_hcu_endo£line i) then 

hrf^advance = 1 - ""'^ V-acale^denom - y^scale^um 

else 

else 

y«scal6_count = y.acale^count 
J"^f«yadvance = 0 



8^ yscat0.nijni 


► 




. hrf_yadvanoe 


8 , y8caIe_(fehom 


— ► 


Y Scaling Control 




► 


hrt.hcu_endol)ine 




Unit 






* 









Figure 139. Y scaling control unit 

//advance to .e«rt of next HCU line in DRAM ' 
//auow for address wrap^roil^d "^'""-''^ * hcu_dranuworda 

!rT^^° hcu-Startreadlin6_«<ir - end_sfu adr 
If (offset >a 0) then 

^ hc«_startreadliae_.dr - atart_af u_«dr * offset 
hcu re«dline_adr - hcu_startr«adline adr 

hc^readainL«d:"^:u::t^:,^^'J:;:^-:;f-- - <» t^en 



Rgme shows an overview ofXandYscaling for HCU data. 
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hcu_Btartreadilne.adr hcu_r©adUne adr 



ORAM 



start of next hcu Rne in DRAM « 

hcu^startreadHno^adr t h«j_<fram.wof<te 




Whon ORAM mads lor Hne 
ar6conip»eta advance to next 
Sno or iBtum to start of orrent Hne 
acc ording to Y-scatfrw . 



Y-scale 
logic 



hcu_sfu_advdol 



_256 btts 



256 bits 



^vt_xadvanc8 



■""^^ f X-scale 

^ logic J 



fifu_heu_sdata 
HCUReodLineFXFO 



^.sfu^advdot 



FIfluro 140. Overview of X and Y scaling at HCU Interface 
Address generator pseudo-code: 
Initialization: 

if (sfu^go rising edge) then 

//set flag to allow first write 

init = 1 

hcu startreedline^adr(21.5J = starts fu:a<^ 21:5] 
//if farst write con^Iete ««ri^i.oj 

elsif (plf^ttdrvalid i) then 

//reset flag allowing first write 
init e 0 

Address valid signals: 

hrf^adrvalid = hcu.readline,adr != ibd nextline adr 
Address pointer updating: 

/ / LBDNext LineFIFO 

//If end of SFU address range 

If (lbd_nextline^adr end.sfu.adr) then 

//go to start of SFU address range 
^^^^^-"^^'^^ine-adr = start^sft^adr 

//increment address pointer 
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lbd.nextline^ftdr a Ibd^nextline.adr * x 
// LBDPrevLlneFIFO 

(f"diu"alrra:^'r'it^ '"f I^DPrevLinePXPO -adr.so is valid 

Ibdjrevline^adr = start.sfu adr 
else 

lb4j,revline,acar « Ibd^jrevline^adr ^ i 
// HCUReadLineFIFO 

«'"dij;sfrj.ck'^!"i*^ ""f HCUReaai,i„eFin> address is valid 

//irr^-;'?cu~lli„rTnd'\r'-*"'''" ° *^ hrf_.d.valid==a) rhan 
* J^^ ^ advance to next line 

^5^?*L' ^~-«tartreadline_adr - end^sfu adr 
If (offset 0) then 

^ hcu_startreadline.adr = start,fifu^«dr * offset 
hcu readline.adr « hcu^startreadline^adr 

iit%'"!t fJ""^ ^^"^ •"^^ "^""^ Of current line 

il ^ 5?^--^^^^ " ^ (hrf^advance == 0) ti 

= hcu,8tartreadline_adr 

//if pointing to end of SPU address space 

elsif {hcu.readline.adr =» end,sfu_adr) then 
//go to start of SFtJ address space 
hcu_readline.adr c atart^sfu adr 

else ~ 

//increment address pointer 
hcu.readline_adr » hcu^readline^adr ♦ 1 



then 
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26 Tag Encoder (TE) 



26.1 Overview 



ORAM 



tag 
encoder 



PCU 



tag FIFO 
unit 



hsiftoner/ 
oompositof 



te^finishedband 



Figtiro 141. High level block diagram of TE in context 

provided on ofifset-pt^ted pa^ «^fa^bi^rink^ 

encode buttons. Alternatively S^Sble SS ^i. ^ P^«^ " «^Pl« 

angular page. However, i^^ret'i^^^ ^^^bV^^^^^ 

mfonnaiion on the page is printed in intrsred-^ar^a^ fal. « 11 T^ ?*L^^ 

^s.T.e.o„cscben.ewascboscnto^1Si.^^ 

wii^l^dTeSotSec^^ 

tf<£lf^eSforciXVit^^ *e tag data interface has 

52 cycles within PEcT. If the S^^E w!,^^ iS^^lodiSlf '^^^ ^ 

nominal one dot per cycle it should n^ lokll^^/S^ ^'^fr"'" dots production per cycle to a 
ycie saoujd not lose the 63/52 cycle performance edge attained in the PECl TE. 
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26.2 What are tags? 



^LTTu ' I ^ electronic parts were scarce and veiy expensive. Now however, with the 

te^ a barcode of some dcscnption on the packaging. From books to CDs. to grocery items, the bicode 
J^^nu™^."*" of Identifying an object by a product number. The «artinterpretationT4e 
product number depends on the type of barcode. Warehouse inventory tracking systems let user, de&e 
ucL ZL^'T ""-"^^.^^r • ^"-'^to'y in shops must be more umversally encoded p.^! 

STSi^oT ™ ' *^ "''"^ ^'^'^ Association of Food Chains for 

Barcodes themselves have been specified in a large number of fonnats. The older barcode fonnats contain 

^^a^ T ^'Ht'i-tion of black and whiteTiniTfc^ne 

ft^iSfo^f^Tm "^r ^'"^ ''^ "-^^ *° f""" -""Pl-^ barcode Z 

fX^^ ^ information itself) and Imes to separate blocks for better optical recognition While the 

T »° ban^ode. the hnes to separate blo,^ stays <Sm T^^iL to 

separate blocks can therefore be thought of as part of the constant structural components of the b^^ 

Barcodes are i«ul with specialized reading devices that then pass the extracted data onto the computer for 
s^Id'^ZSTf ^""^ '^'^f^' P«^-f-«^- -i^vice allows the sales 

St I t T' ^^^'^ item and the price on a display device for venfi^! 

tie b^^ * ^ devices used to 

J™*ri^!^"'' Jf' *° f^t^ted was read correcUy. checksums were introduced as a cmde form of 
• foof ^fc °- «S the Aztec 2D barcode developed by AndylinScre 

m l995 (US patent mmrf«rUS5591956). but now released to the pubUc domain, use rediid^^^ 
^hemes such as Reed-Solomon. Reed Solomon encoding is adequately discus;eTin [24^^g^d rtjf 

^ * "'"^^ ^^"^ ^i^l« dimensional barcodes Oine based) to two 
^r^™? T °' f ™^ ^'^ information as a series of lines, whei the ^^^^e 

exttacted Jom a single dimension, the information is encoded in two dimensions. Just as with the orijniS 
hTv ' barcode contains both infonnation and structural components for he^r^S^^- 

ton. Figure 142 shows em example of a QR Code (Quick Response Code), developed by S 
OJS patent number US5726435). Note the barcode ceU is comprised of twS areas: Ilta JS^^™?^ 

^eS?n u"""^'^' ^ P°«*^°" detection panem. The constaS^S; 

detection pattern rs used by the reader to help locate the cell itself, then to locate the cell boundS« tJ 
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i3 



allow the reader to detennine the original orientation of the ceU (orientaHon can be detennined by the fact 
that there IS no 4th comer pattern). 



21 blocks wide 




position <tetectlon 
pattern 



Figure 142. Example QR Code developed by Oenso of Japan 

The number of barcode encoding schemes grows daily. Yet veiy often the hardware for producing these 
barcodes is speciSc to the particular barcode fonnat As printers become more and more embedded there 
IS an mcreasmg desire for real-time printing of these barcodes. In particular. Netpage enabled applications 
requure the pnntmg of 2D barcodes (or tags) over the page, preferably in infta-red ink. The lag racoder in 
ioPEC uses a genenc barcode fonnat encoding scheme which is particularly suited to real-time printing 
Smce the barco<te encoding fonnat is generic, the same rendering hardware engine can be used to produ^ 
awide variety of barcode formats. 

Unfortunately the term "barcode" is interpreted in different ways by different people. Sometimes it refers 
only to the data area component, and does not include the constant position detection pattern In other 
cases It refers to both data and constant position detection pattern. 

We therefore use the tenn tag to refer to the combination of data and any other components (such as posi- 
tion detection pattern, blank space etc. surround) diat must be rendered to help hold or locate/read the data. 
A tag therefore contains the following components: 

• data area(s). The data area is the whole reason that the tag exists. The tag data area(s) contains the 
encoded data (optionally redundancy-encoded, pertiaps simply checksummed) where the bits of the 
data are placed within the data area at locations specified by the tag encoding scheme. 

• constant background patterns, which typically inchides a constant position detection pattern. These 
help the tag reader to locate the tag. They include components that are easy to locate and may contain 
orientation and perspective information in the case of 2D tags. Constant background patterns may also 

. «nclude such patterns as a blank area surrounding the data area or position detection pattian. These 
blank patterns can aid m the decoding of the data by ensuring that there is no interference between tags 
or data areas. ^ 

In most tag encoding schemes there is at least some constant background pattern, but it is not necessarily 
required by all. For example, if the tag dau area is enclosed by a physical space and the reading means 
uses a non-optical location mechanism (e.g. physical alignment of surfece to data reader) then a position 
detection pattern is not required. 

Different tag encoding schemes have different sized tags, and have different allocation of physical tag area 
to constant position detection pattern and data area. For example, the QR code has 3 fixed blockslt the 
KT* detection pattern (see Figure 142) and a data area in the remainder. By con- 

tast. the Netpage tag structure (see Figures 143 and 144) contains a circular locator component, an orien- 
tation feanire. and several data areas. Figure 143(a) shows the Netpage tag constant background pattern in 
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Netpage tag. Note ^t L Fi^ I'M a sSle bTSf h1 ? " '^'"'"1 T'^ ""^^ ^^P* » 

fonn a block within the data SI ^ °^ " represented by many physical output dots to 



0. 



(a) Netpaga tag background pattern 




(b) Netpage tag showing 



Figure 143. Netpage tag etnicture 




Frgure 144. Netpage tag with data rendered at 1600 dpi (magnified view) 
26J2.1 Contents of the data area 

The data area contains the data for the tag 
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TS^Th , r^?*'' " '^2). a single bit is represented by a darfc module 

^„i^Th.Hn ""^T ' "r"^ ^^'^ ^'^'^ lisht module depLds on thelet 

d^g resotooon and target reading/scanning resolution. For example, a dark module may be n»ieinted 
by a square block of pnnted dots (all on for binary 1 . or aU off for binary 0). as shown in Fig^S 




21 blocks wfde 42 dots wide 



single llgtit btodc 
= 2x2 white dots 



single dark 
»2x2 black 



□ 



position deteeljen 
pattern 



Figure 145. Example of 2x2 dots for each block of QR coda 

^lt^^l^° "^If *f " *><"«l^ ^ represented in the printed tag by an arbitrary 

Stilf fol « ''^ '^^^ ^""^ '"^'^ ^ ^ theoSicily the >S 

tag Itself, for example a g.ant macrodot comprised of many printed dots in bott dimensions. 

definition structure allows the generation of an arbitrary printed shape from each bit 

26.2^ What do the bits represent? 

«v«j an original number of bits of data, and the desire to place those bits into a printed tag for subsequent 
t^,^ '^^^'^S mechanism, the original number of bits can either be placed directly into 
Z^^::S:i;^o^'^"^^ ^ '^^ of reduncLcy encodbg' wil! 

^Dlo'S^ A? JJT^^''" "1?^ thedata area of the tag is din^ctly related to the redundancy mechanism 
employed m the encodmg scheme. The idea is generally to place data bits together in 2D so that burst 
^i^J^r^"^ ""^ J"^ ^f^^ "^"^ "y^^^^y collectable. For example, all the bits of 
by f bmt^ "P"^ t»8 area so to mininSre being affected 

Since the data encoding scheme and shape and size of the tag data area are closely linked, it is dcsitable to 
^ t?,!^"*' ^ format structure. This allows the same data structure and rendering «nbodimem to Z 
used to render a vanety of tag formats. wwuimcmio oc 

26.2.Z 1 Fixed and variable data components 

!?? data can be reasonably divided into fixed and variable components. For example if 
a tag holds ATbits of data, some of these bits may be fixed for all tags while some may vary Zm^^ 

For example, the Universal product code allows a county code and a company code. Since these bits don't 
each time, thereby reducmg the bandwidth when producing many tags. gcucooer 
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for each tag. By reducing the ofSte Z he " ^^'"^^^ 

the ovendl bandwidth can be P^**"* SoPEC's tag encoder fo^ each tag. 

^i'^o?^^" rti^^t be either implicit or explicit, and 

pletely variable. whileXSStg encod^S « £^^1%:/^'^"^ 1' ' 

of tag data bits. ^ encoder may have a maximiun number 

26.ZZ2 Redundancy^ncode the tag data within the tag encoder 

Xtl^bSfn'L^^^^ 

to significant savings of bandwiJi, andrct^ Z^. ^ ^8- ™» 

tive bandwidth and internal ^i«e reoS !,tT^^''^f^'^^ 

encoded data was reJ5!Sr ^^ '^ "^'^'^ if 



26.3 



Placement of tags on a page 

TTie TB places tags on the page in a triangular grid anangement as shown in Figure 146. 



Portrait orientation 



dot direction 
► 



Landscape orientation 



0 0 0 

0 0 0 

0 0 0 
0 0 0 



dot direction 
— ► 





s 



i ® 0 




I 

Unedlroctien 

Figure 146. Placement of tags for portrait & landscape printing 

^artr^SsX^Sm'^t^^^^ oveHap of columns or rows of tags means 

respond to the samel« ofAflL^,^ t^'^^ -I * ^ *«8* o° ^ «nc cor- 

native lines of S i o^e .L tS ^'S.^"**^- ^« ^^^g^la^ placement can be considered as alter- 
of dots is imet ?fa'd"ffS.^°^^f^f "/^^^ ^"^^ '"^ 

ftom the line inter-tag g^^^ '"**"'*8 8^ «n» in both lines of tag. and is different 

^Ts^'t%^Llt;^^r^\ZZt^^^^ '-^^ '-^-P« P'^*^"^ - essentially 
same. ^"""^"^ swapped, but the placement mechanism is the 
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The general case for placement of tags therefore relies on a number of par^eters 

— : — ■ — 



as shown in Figure 147, 
^ dot direction 



Start Piosition 



AUTagUno Position 



tagwrthJn 
tag's bounding 
box 



Ibg width 
< ► 



Dot Inter-tag gap 



Une intef'tag gap 



line direction 



Ug within 
tag'$ t>oundlng 



tag%vithin 
tag's tMunding 
box 



Tag height 



Dot Inter-tag gap 




Figure 147. General representation of tag placement 

these are placement parameter and 



The parameters are more fonnany described m Table 120. Note that 
not registers. ^ 



Table 120. Tag placement parameters 




Tag width 



Dot friter-tag gap 



Une inter-tag gap 



Stan Position 



AltTagUnePositton 



The number off dot lines in a tag's tx)unding box 



The number of dots in a single line of the tag's bound- 
ing bo)c. The number off dots in the tag itself may vary 

^n^ia^^^'''^'^'^'' tag. but the number of 
dots in the bounding box «vi|] be oonstant (by defini- 



minimum 1 



toO's bound- 
^ start of the next tag^ bounding box. in 
the dot direction. 



The number of dot lines from the edge of one tag's 
bounding l>ox to the start of the next tag's bounding 
faox. In the line direction. 



minimum 1 



minimum = 0 



Defines the statusof thefop leftdoton the page -is an" 
offset in dot & row within the tag or the Inter-tag gap. 



Defines the status ior the start of the alternate row of 
tags. Is an of^t in dot within the tag or within the dot 
inter-tag gap (the row position is always 0) 



minimum = 0 



26.4 



Basic tag encoding parameters 



tLTeS: °" ^"''^^'^ ''^^ - ^ -'^'t Of on-chip 

AlthoughtherestHctionste^^-^^^^^^^ 
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Tabfe 121. Encoding parameters 




w 



N 



Of 



page width 



tag size 



number of dots in each dimension of the tag 



redundancy encoding for tag data 
size of fbced data (unencoded) 



sfze of redundancy-encoded fixed data 



size of variable data (unencoded) 

size of redundancy^nooded variaWe data 



tags per page width 



2^^ dotpairs or 20.48 inches at 1600 dpi 

typical tag size is 2mm x 2mm 
maximum tag size is 384 dots x 384 dots 
before scaling i.e. 6 mm x 6 mm at 1600 dpi 



384 dots before scaling 
Reed-Solomon GF(2^) at 5:10 or 7:8 



40 or 56 bits 



120 bits 



120 or 112 bits 



360 or 240 bits 



85 packed 6mm x 6mm tags (384 x 384 
dots) will fit In 20.48 inches 



26.4.1 Redundancy encoding 

^^i^ ^ ^''"«'> redundancy encoded bits relies heavily on the 

burst errors and effectively detect and correct enors using a minimum of redundancy I^d ScJomLn 

In this implementation of the TE we use Reed-Solomon encoding over the Galois Field GFr2'»^ Svmbol 

ssnfsSr^iih'lrbL^r^^^^ 

Of the 1 5 symbols, there are two possibilities for encoding: 

* ^ ^^^^ ''•*^>' 10 redundancy symbols (40 bits). The 10 redundancv 

correct up to 5 symbols in error. TT.e gren^torWoLalls ^^^SI 

' s^^L^Is' mL^'T'' '^'^ ^'^ * redundancy symbols (32 bits). The 8 redundancy 

iv.^" S case with 5 symbols of original data, the total amount of original data per tag is 160 bits (40 
^Sli^tZT^- " '^"^^ '° ^^'^ ^ ^^-^ ambuntlf 480 bitf (l20*fSei?36TvS° 
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• Each tag contains up to 40 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data, giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 1 20 bits of variable original data. Therefore 6 codewords are required for the 
variable data, giving a total encoded data size of 360 bits. 

In the second case, >vith 7 symbols of original data, the total amount of original data per tag is 168 bits (56 
fixed, 112 variable). This is redundancy encoded to give a total amount of 360 bits (120 fixed, 240 vari- 
able) as follows: 

• Each tag contains up to 56 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data, giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 112 bits of variable original data. Therefore 4 codewords are required for the 
variable data, giving a total encoded data size of 240 bits. 

The choice of data to redundancy ratio depends on the application. 



The Tag Format Structure (TFS) is the template used to render tags, optimized so that the tag can be ren- 
dered in real time. The TFS contains an entry for each dot position within the tag's bounding box. Each 
entzy specifies whether the dot is part of the constant background pattern or part of the tag's data compo- 
nent (both fixed and variable). 

The TFS is very similar to a bitmap in that it contains one entry for each dot position of the tag*s bounding 
box. The TFS therefore has TagHeight x TagWidth entries, where TagHeight matches the height of the 
bounding box for the tag in the line dimension, and TagWidth matches the width of tiie bounding box for 
the tag in the dot dimension. A single line of TFS entries for a tag is known as a tag line structure. 

The TFS consists of TagHeight number of tag line structures^ one for each 1600 dpi line in the tag*s 
bounding box. Each tag line structure contains three contiguous tables, known as tables A, B, and C. Table 
A contains 384 2-bit entries, one entry for each of the maximum number of dots in a single line of a tag 
(see Table 121). The actual nimiber of entries used should match the size of the bounding box for the tag in 
the dot dimension, but all 384 entries must be present ^ Table B contains 32 9-bit data addresses that refer 
to (in order of appearance) the data dots present in the particular line. All 32 entries must be present, even 
if fewer are used. Table C contains two 5-bit pointers into table B, and is stored in the 10 low bits of the 
next 32-bit word (the upper 22 bits are unused). The total length of each tag line structure is therefore 34 x 
32-bit words. Padding (18 x 32-bit words) is inserted ai^er every 7 tag line structures to keep each tag line 



26.5 



Data structures used by tag encoder 



26.5.1 



Tag Format Structure 



1 . This is done so that it is possible to go from one line within a tag to the next by simply adding 33 in 32-bit based addressing to DRAM. 
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Tag Format Stmcture 



tag One strticturB 0 



tag line atructura 1 



tag line structure 2 



tag line structure 6 



reserved and unused 
(18 X 32-t)its) 



tag line structure 8 



tag line structure n 



lag iine structure 



\ 



tat>JeA 
(384 entries x 2-tjKs) 
(768 bits) 



table B 

(32 entries x &^)its) 
(288 bits) 



\ 



\ 



\ 



\ 



table C 
(2 entries x S-bils) 
(10 bits) 



reserved and 
unused 
(22 bits) 



Figure 148, Composition of SoPEC's tag format structure 

A fiUl description of the interpretation and Usage of Tables A, B and C is given in section 26.8.3 on page 



26.5,1.1 Scaling a tag 



l^^b^sSS^^tr Tf' be scaled in one of several «ays. Either the tag 

be scaled by N dote m each dimension, which increases the number of entries in the TFS As an 

For example if the original TFS was 21 x 21 entries, and the sealing were a simple 2 x 2 dots for each of 
the ongmal dots we could increase the TFS to be 42 x 42. To geLate the^ fiSTtteolA we 
would r^eat each entry across each line of d.e TFS. and then we would repeat^h toe o^5i*?^S T^! 
net number of entries in the TFS would be increased fourfold (2 x 2). 

r"T of "^o^^dots instead of simple scaling. Looking at Figure 149 for a simnle 

example of a 3 x 3 dot tag. we may want to produce a physically l^e printed form He S whei^ J 

S^eL3?tlitriZr^^'°?K*' 1 ' ^ ' """^'"^ ^^"^ .imply perfonncd replication by 7^ 

scale-up on the output of the tag generator output, then we would have 9 sets of 7 x 7 square blocks. 
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Instead, we can replace each of the original dots in the TFS by a 7 x 7 dot definition of a rounded dot Fig- 
lire 1 50 shows the results. uui. r ig 



posiUon detection pattern 
(1 line a\\ dark) 

data area 

(2 fines of 3 bits) 



ahways 1 
(tiackground) 


always 1 
(bacfcoround) 


always 1 
(background) 


data 
btto 


data 
bit 1 


data 
bita 


data 
bit4 


data 
bits 


data 
bit3 



Figure 149. Simple 3x3 tag structure 
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Figure 150. 3x3 tag redesigned for 21 x 21 area (not simple repHcation) 

Consequently, tfie higher the resolution of the TFS the more printed dots can be printed for each macnydot 

r^dot "^T"^? ^ ^^^ele data bit of the tag. The more dots that are available to produceTX-' 

sSows tte "T Z"^: ^'""'T 'V^^ ""^"^'^^ can be. As an example, Figure on page 3 M 
shows the Netpage tag structure rendered such that the data bits are represented by an average of 8 dots x 
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8 dots (at 1600 dpi), but the actuaJ shape stmcture of a dot is not square. This allows the printed Netpage 
tag to be subsequently read at any orientation. 

26.5.2 Raw tag data 

The TE requires a band of unencoded variable tag data if variable data is to be included in the tag bit- 
plane. A band of unencoded variable tag data is a set of contiguous unencoded tag data records, in order of 
encounter top left of printed band from top left to lower right. 

An unencoded tag data record is 128 bits arranged as follows: bits 0-1 1 1 or 0-1 19 are the bits of raw tag 
data, bit 120 is a flag used by the TE (TaglsPrinted), and the remaining 7 bits are reserved (and should be 
0). Having a record size of 128 bits simplifies the tag data access since the data of two tags fits into a 256- 
bit DRAM word. It also means that the flags can be stored apart from the tag data, thus keeping the raw tag 
data completely unrestricted. If there is an odd number of tags in line then the last DRAM read will con- 
tain a tag in the first 128 bits and padding in the final 128 bits. 

The TaglsPrinted flag allows the effective specification of a tag resolxition mask over the page. For each 
tag position the TaglsPrinted flag determines whether any of the tag is printed or not This allows arbitrary 
placement of tags on the page. For example, tags may oiily be printed over particular active areas of a 
page. The TaglsPrinted flag allows only those tags to be printed. TaglsPrinted is a 1 bit flag with values as 
shown in Table 122. 



Table 122. TaglsPrinted values 







0 


Don't print the tag in this tag posrtion. 

Output 0 for each dot within the tag bounding box. 


1 


Print the tag as specified by the various tag stnjctures. 



26.5.3 DRAM storage requirements 

The total DRAM storage required by a single band of raw tag data depends on the number of tags present 
in that band. Each tag requires 128 bits. Consequently if there are AT tags in the band, the size in DRAM is 
idA^ bytes. 

The maximum size of a line of tags is 163 x 128 bits. When maximally packed, a row of tags contains 163 
tags (see Table 121) and extends over a minimum of 126 print lines. This equates to 282 KBytes over a 
Letter page. 

The total DRAM storage required by a single TFS is TagHeight/l KBytes (including padding). Since the 
likely maximum value for TagHeight is 384 (given that SoPEC restricts TagWidth to 384), the maximum 
size in DRAM for a TFS is 55 KBytes. 

26.5.4 DRAM access requirements 

The TE has two separate read interfaces to DRAM for raw tag data* TD, and tag format structiire, TFS. 
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The memory usage requirements arc shown in Table 123. Raw tag data is stored in the compressed page 
store 



Table 123. Memory usage requirements 



Compressed page store 


2048 Kbytes 


Compressed data page store for BMevet, contone and 
raw tag data. 


Tag Fomiat Structure 


55 Kbyte (384 dot Hne tags 
d 1600 dpi) 


55 kB In PEC1 for 384 dot Rne tags (the benchmark) at 
1600 dpi 

2^ mm lags (1/10th fnch) d 1600 dpi require 160 dot 

lines = 160/384 x55 or 23 kB 

2^ mm tags e 800 dpi require 80/384 xSS « 12 kB 



The TD mterface will read 256-bits from DRAM at a time. Each 256-bit read returns 2 times 128-bit tags 

The TD interface to the DIU will be a 256-bit double buflFer. If there is an odd number of tags in line then 

the last DRAM read will contain a tag in the first 128 bits and padding in the final 128 bits. 

The TFS interface will also read 256.bits from DRAM at a time. The TFS required for a line is 136 bytes. 

A total of 5 times 256-bit DRAM reads is required to read the TFS for a line with 192 unused bits in the 

fifth 256-bit word. A 136-byte double-line buffer will be implemented to store the TFS data. 

The TE's DIU bandwidth requirements are summarized in Table 124. 



Table 124. DRAM bandwidth requfrenrients 




TFS 



Read 



Read 



Single 256 bitreads^ 




Single 256 bit reads^. TFS is 
136 bytes. This means there 
is unused data in the filth 
256 bit read. A total of 5 
reads is required. 



1.02 



0.093 



1.02 



0.093 



1: Each 2mm tag lasts 126 dot cycles and requires 128 bits. This is a rate of 256 bits every 252 cycles. 
2: 1 7 X 64 bit reads per line in FECI is 5 x 256 bit reads per line in SoPEC with unused bits in the last 256-bit read. 



26.5.5 Tag sizes 

SoPEC allows for tags to be between 0 to 384 dots. A typical 2 mm tag requires 126 dots. Short tags do not 
change the intemal bandwidth or throughput behaviours at alL Tag height is specified so as to allow the 
DRAM storage for raw tag data to be specified. Minimum tag width is a condition imposed by throughput 
limitations, so if the width is too small TE cannot consistently produce 2 dots per cycle across several tags 
(also there are raw tag data bandwidth implications). Thinner tags still work, they just take longer and/or 
need scaling. 
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26.6 Implementation 



26.6.1 Tag Encoder Arch itecture 

A block diagram of the TE can be seen below. 



ORAM mtertace 



tag encodsr 
unit 



taoalisense.^iL^ 
lasttfotrntag — 
advtagllna — 



'64 
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dotposvalid 
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11 



tag data 
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bH1 



[If 
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bft1 



to 



:0 




dotslftlhg S 



I I 
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I 



/f14 2(10 bits) 



— lastOottnTagl 
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3K2-bit 
shift register 



^ j(lobits) I 



8 ta_tfu_wdata 



Tag Rfo Unit 



— — — — » 



PCU 



Figure 151. TE Block Diagram 

The TE writes lines of bi-level tag plane data to the TFU for later reading by the HCU. The TE is respon- 
sible for me^ng the en«,dcd tag data with the tag structure (interpreted from the TFS). Y-integer seeing 
of tegs IS perfonned in the TE with X-integer scaling of the tags pcrfonned in the TFU. The wooded tag 
layer IS generated 2 bits at a time and output to the TFU at this rate. TTie HCU however only consumes 1 
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The tag encoder consists of a TFS interface that loads and decodes TFS entries, a tag data interface that 

^tT '^^."^^^^'^f P™^^^^ bit values on request, and a sute macWne to gen<^^^l 

TO fo™/, "T:' -ad interfeces to DRAm' for tog^ 

1 U, and tag forniat structure, TFS. ^ 



It is possible that the raw tag data interface, the TD. to the DIU could be replaced by a hardware state 
machine at a later stage. This would allow flexibiUty in the geneiation of tags. Support for Y scalinTnSS 



26.6.2 Y-Scaling output lines 



JkJ't "A'T?'!'*!^'*'^!?^ following modifications to the PECl TE axe suggested to 

the Tag.Data Interface. Tag Format Structure Interface and TE Top Level: Hscs"" w 

. for Tag Date Interface: program the configuration registers of Table 126,firsrragUneHeigkt and tag- 
MaxLme with tnie value ..e. not multipUed up by the scale factor YScnle. Within L Tag Data interface 
there are two counters, coumx and county that have a diiect bearing on the rawTagDatoAddr genera- 
"^^^ are read ftom DRAM. It is reset to NwnTagsmtdTagSenseJ atLrt of 

each Imc of tags, coun^ decremented as each line of tags is completely read fiom DRAM i.e. countx 
- 0. Scaling may be performed by counting the number of times counu reaches zero and only decre- 

ILT^irnT J ^'^"^^^ "^^^ ^ TagData Interface to tL each 

Ime of tag data NumTags[RtdTagSenseJ • YScale times. 

• for Tag Format Structure Interface: The impUcation of Y-scaling for the TFS is that each Tag Line 
Structure IS used Wca/e times. This may be accomplished in either of two ways: 

* A ^''i^^/i'^l*"^ " titles- This involves gating 

the conttol of TPS buffer flipping with YScale. Because of the way in which this advTfsUne ail 
advTagLine related functionality is coded in die PECl TFS this solution is judged to be emir-prone 

' SS-^ilS'^'™*'*^ '"^^"^ controlling the activity ofcurrTf- 

I^-Sf^rSfT"^ ""f.f^f ^^'^ addresses to the DIU to read each individual Tag Line Struc- 
^^^'^ •'^'^ ^ ™s is different from the behav- 

iour m PbC 1 , where one address is given and 17 date-words were renimed by the DIU 
Smce the behaviour of the currTfsAddr must be changed to meet the requirements of the SoPEC 
DIU It makM sense to mclude the Y-Scaling into this change i.e. a count of the number of com- 
^ *^^!^J* v *° DIU is compared to YScale. Only when this count equals YScale can 

c«rr5G>4^ be loaded with the base address of the next lines Tag Line Structure in DRAM, other- 
wise It is re-loaded with the base address of the current lines Tag Line Stnicture in DRAM. 

' ^£^2^^lJ^ '^'^ "^^ ^ ^^•^'^ « to count the number of 

rZt^ output lines when m a tag gap or in a line of tegs. At the stert (i.e. top-left hand dot-pair) of 
Jf f Pf?" " TagGapUne or TagMaxLine. THe value of LmeA« is decre- 

S^efon VS/eSr " '"^ ""^ accompUshed by gating the decrement of UneP^s 
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26.6.3 TE Physical Hierarchy 

T^g Encoder 



Top Lever FSM 
+ PCU + Comb 
Logic for Muxing 
etc. 



Tag Data Interfece 



Raw Tag Data 
fntertece 



Reed Sofomon 
Encoder 



Encoded Tag uata metfaxx 



encoded 
fixed tag 
data 



2D Decoder 



encoded 
variat)te tag 
data 



~lag i-Qfinat blructure ( I hSJ 



Table A 



Rego^p 



Table C 



Table B 



Rego/p 



Figure 152. TE Hierarchy 

SS^nn T^^'r "^^^^^ ^""^^ Yneraxchy of the TE. The top level contains the Tag Data Inter- 

^' ^ ^""^ ^ ^"^1 ^ generation of dot paii^llong with a 

'"t"^ u"^"" ^ ^-"^ additionaflogic for m^Tng 

the output data and generating other control signals. 

^I^L^^^^ ^^^'l*^*: "^^"^ processes the output lines of a page one line at a time, with the 

!S f ^'ino ^ or in a tag (a SoPEC may be only printing part of a tkg due to 

multiple SoPECs printing a single line). « uig tiuc lo 

lJiJwnT^"!>,r/'^^^ ^ ^""'^''"'^^ ^^P' ^ ^""P"" generated If the cun^nt position is 

H T: ^11^ fo^at stmcture is used to determine the value of the output dot. using the appropriate 
en^ded data bit from Ae fixed or variable data buffers as necessary. The TE then advances alo^g the line 
of dots, movmg through tags and inter-tag gaps according to the tag placement parameters 
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I 26.6.4 lO Definitions 



Table 125. TE Port List 





am 


IS} 


maMMMmmmmmmmyM 


Clocks and Resets 


pdk 


1 


In 


SoPEC Functional dock. 


prsl_n 


1 


In 


Global reset signal. 


Bandstore Signals 


cdu_endofbandstor8[21 :5] 


17 


In 


Address of the end of the current band of data. 
256-to'tt wonJ aligned ORAM address. 


odu.8tarton>andstore[21 JSl 


17 


In 


Address of the start of the current band of data. 
256-b(t word aligned ORAM address. 


•te^finishedband 


1 


Out 


TE finished band signal to PCU and ICU. 


PCU Interface data and control signals 


pcu_addrt8:2] 


7 


In 


PCU address bus. 7 bits are required to decode the address space 
for this block. 


pcu_dataout(31:0] 


32 


In 


Shared write data bus from the PCU. 


tej9cu.datafn[31.-0) 


32 


Out 


Read data bus from the TE to the PCU. 


pcu.rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu.te.sel 


1 


in 


Bk«k select from the PCU. When pcujt9_sel is high both 
pcu^addrea\6 pcu^dataoutare valid. 


le_pcu_rdy 


1 

■ 


Out 


Ready signal to the PCU, When te.jx:u_rxfy\s high it indicates the 
last cycle of the access. For a write cyde this means pcu_<fataout 
has been registered by the bkxk and for a read cyde this means 
the data on te^pcu^datain Is valid. 


TO (raw Tag Data) OIU Read Interface signals 


td.diu_rreq 


1 


Out 


TO requests DRAM read. A read request must be accompanied by 
a valid read address. 


td.diu.radr[21:5] 


17 


Out 


TO read address to OIU. 

17 bHs wide (256>bit aligned word). 


dlu.td.rBck 


1 


In 


Aduiowfedge from DIU that TO read request has been accepted 
and new read address can be placed on ta <Su tadn 


diu.data(63:0J 


64 


In 


Data from DIU to TE. 
First 64-bit8 are bits 63.-0 of 256 bit word; 
Second 64-blts are bits 127:64 of 256 bit word; 
Third 64-bits are bits 191 :128 of 256 bit word; 
Fourth 64.blts are bits 255:1 92 of 256 bit word. 


diu_td_rvalkl 


1 


In 


Signal from DIU telling TO that vaM read data is on the dojLdata 
bos, " 


TFS (Tag Format Structure) DIU Read interface signals 


tf3_diu_n'eq 


1 


Out 


TFS requests DRAM read. A read request must be accompanied 
by a valid read address. 


tf8_diu.radf(2t:5] 


17 


Out 


TFS Read address to DIU 

17 bits wide (256-bit aligned word). 


diu_tfs.facic 


1 


In 


Acknowledge from DIU that TFS read request has been accepted 
and new read address can be placed on tfs diu_raar. 
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Table 125. TE Port Ust 





m 


m 




diu_data[63:0) 


64 


In 


Rrst 64-Wt3 are bits 63.-0 of 256 bit word; 
Second 64-blts are bits 1 27:64 of 256 bit word; 
Third 64-bits are bits 191:128 of 256 bit word; 
Fourth 64-bits are bHs 255:192 of 256 bit word. 


diu_tfs_rvand 


1 


In 


Signal from OIU telling TFS that vaOd read data is on the diu_data 

bus. 


TFU Interface cfata and control stgnafs 


tfu«te_oktowr!te 


1 


In 


Ready signal indicating TFU has space available and Is ready to be 
written to. Also asserted from the point that the TFU has redeved 
its expected number of bytes for a line untit the next 


te_tfu_wdataI7«] 


8 


Out 


Write data for TFU. 


te_tfu_wdalavafid 


1 


Out 


Write data valid signal. This signal remains high whenever there is 
valid output data on to tfu ¥/data 


te_tfu_wradvtine 


1 


Out 


Advance line signal strobed when the last byte In a One is placed 
on t&^tfiLwdata 



26.6.5 Configuration Registers 



TTie configuration registeis in tlie TE are prognunmed via tlie PCU interface.Refer to section 21 8.2 on 
p^e 257 for the descnption of the protocol and timing diagrams for reading and writing registeis in the 
TE Note that smcc addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and wntes the lower 2 bits of the PCU address bus are not required to decode the address space for the 
1 b. table 1 26 lists the configuration registers in flie TE. 

Registers which address DRAM are 64-bit DRAM word aligned as this is the case for the PECl TE 
SoPEC assumes a 256-bit DRAM word sire. If the TE can be easily modified then the DRAM word 
addiesang should be modified to 256-bit word aligned addressing. Otherwise, software should prognmi 
these the 64-bit word aligned addresses on a 256-bit DRAM word boundary.. 



TaMe126.TE Configuration Registers 




Control registers 





0x00 


Reset 


1 


1 


A write to this register causes a reset of the TE. 
This register can be read to indicate (he reset state: 

0 - reset in progress 

1 - reset not in progress 




0x04 


Go 


1 


0 


Writing 1 to this register starts the TE. Wdting 0 to this 
register halts the TE. 

When Go Is deasserted the state-machines go to their 
idle states but all counters and configuration registers 
Iceep their values. 

When Go is asserted alt counters are reset, but con- 
figuration registers keep their values (I.e. they don't 
get reset). NoxtSandEnabfa is cleared when Go is 
asserted. 

The TFU must be started before the TE is started. 
This register can be read to determine if the TE is run- 
ning (1 = running, 0 = stopped). 
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Setup reg 
0x40 


Istera (constant for processing of a 

TfsStartAdr | ig 
(64-brt aligned DRAM j 
address - should start at 1 
a 256-brt aligned loca- 
tion) 1 


page) 
1 ^ 


Points to the first word of the first TPS line In DRAM. 


0x44 


ItsEndAdr 

(64-t>italfoned DRAM 
address • should start at 
a 2564)it aligned foca* 
tion) 


1 


0 


Points to the first word of Ihe last TPS line In DRAM. 


0x48 


TfeRrstLrneAdr 
(64-brt aligned DRAM 
address) 


1 IQ 
1 


1 ^ 


Points to the first word of the first TPS line to be ( 
encountered on the oaoe. If the start nf thA non^ I 

u w amri w ul9 paoe IS lA I 

an tnter-tag gap. then this value will be the same as 1 

7FSS£art4drsince the first tag line reached wiW be the 
top line of a tag. 1 


0x4C 


OataRedun 


1 1 


0 


Defines the data to redundancy ratio for the Reed 1 
Solomon encoder. Symbol size is always 4 bits. Code- 
word size is always 1 5 symbols (60 bits). 
?40 biteT '^^"dancy symbols 
1 -7 data symbols (2B bits). 8 redundancy symbols 


0x50 


Deoode20En 


1 


1 ^ 


w«^k.i7iiiiuiv^ vTiiBincf or noi me Gata tms are to t>e 2D 1 
decoded rather than redundancy encoded (each 2 ) 
bits of the data bits becomes 4 output data bits). 1 

0 = redundancy encode data 1 

1 = decode each P. bfts of rfnt ^ intn a k:!* i 


0x54 


VariaUeDataPresenl | 


1 


0 


Defines whether or not there is variable data in the j 
tags. If there is none, no attempt is made to read tag 1 
data, and tag encoding should only reference fixed 1 
tag data. 1 


0x58 


EnoodeRxdd 


1 


0 


Determines whdhf>r nr #9*^ t^^mt^m f a\ i 
wwKtiit rviicuic;r ur noi uie lower 40 (Or 56) bits of 1 

fixed data should be encoded Into 120 bits or simply 1 
used as is. j 


Ox5C 


TagMaxOotpairs { 


8 


0 


The width of a tag in dot-pairs, minus 1 . | 
Minimum 0, Maximum:=1 91. j 


0x60 


TagMaxLine V 


9 


0 


The number of lines in a tag. minus 1 . | 
Minimum 0, Maximum = 383. I 


0x64 


TagOapDot 


14 


0 


The number of dot pairs between tags in the dot 1 
dimension minus 1. ( 
Only vafid if Ta^GapPresen^blt 0) = 1 . J 


0x68 
Ox6C 


TagQapUne | 
DotPairsPerUne J 


14 
14 


0 
0 


Defines the number of dotllnes between tags in Ihe 1 
line dimension minus 1 . 

Only vafid if TagGapPmsen^bM 1 = i . I 


0x70 


E)otStartTagSen8e 1 


Z 


0 

i 


Number of ou^ut dot pairs to generate per tag line 
Determines for the first/even (bit 0) and secondi^odd 
(bit 1) rows of tags whether or not the first dot position 
Qf the line is in a tag. 1 
1 = in a tag. 0 in an inter-tag gap. 1 
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Table 126. TE Configuration Registers 




0x78 



0x60 to 
0x84 



Oxsato 

0x8C 



YScele 



OotStartPos 



NumTags 



Setup band related registers 



2x14 



Bit 0 IS llf there is an Inter-tag gap in the dot dimen- 
sion, and 0 if tags are tightly padced. 
Bit 1 is 1 li there Is an tnter-Cag gap in the line dimen- 
sion. and 0 if tags are tightly packed. 



Tag scale factor in Y direction. Output lines to the TFU 
will be generated YScale times. 



2x8 



Determines for the firsVeven (0) and second/odd <1) 
rows of tags the number of dotpairs remaining minus 
1 . In either the tag or lnter*tag gap at the start of the 
line. 



Detemiines for the first^even and second/odd rows of 
tags how many tags are present in a Une (equals 
numt>er of tags minus 1). 



OxCO 



NextBandStartTagOa- 
taAdr 

(64-blt aligned ORAM 
address - should start at 
a 256-bit aligned loca- 
tion) 



Holds the value of SlarfTagDataAdr for the next band. 
This value is copied to StartTagDataAdr when 
OoneBand is 1 and NextBandEnable la 1. or when Go 
transitions from 0 to 1. 



NextBandEndOfTagOata 
(64-bit aligned ORAM 
address) 



OxCB 



OxCC 



NextBandRfsflagUne- 
Height 



NextBandEnable 



Readonly band related registers 



Holds the value of EndOfTagOata for the next band. 
This value is copied to EndOfTagOata when 
OoneBand is 1 and NextBandEnable is 1 . or when Go 
transitions from 0 to 1. 



Holds the value of RrstTagUneHelght for the next 
band. This value is copied to RrstTagUneHelght when 
OoneBand gets is 1 and NextBandEnable is 1 . or 
when Go transitions from 0 to 1. 



When NextBandEnable is 1 and OoneBand is 1. then 
when te_finishedband is set at the end of a band: 
-NextBandStarfTagOataAdr is copied to StartTagDa- 
taAdr 

■NextBandEndOfTagOata is copied to EndOfTagOata 

-NextBandRrstTagUneHelght Is copied to RrsCTa* 

gUneHeight 

-OoneBand is cleared 

NextBandEnable is cleared. 

NextBandEnabla is cleared when Go is asserted. 
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m 




DoneBand 



Specifies whether the tag data inteitace has finished 
loacfing all the tag data for the t»nd. 
It is cleared to 0 when Go transHfons from 0 to 1. 
When the tag data interface has finished foading all 
the tag data for the t)and, the fa./En/s/iedZiand signal 
Is given out and the DoneBandnag Is set. 
It NextBandEnabie isl at this time then startTagDa- 
taAdr, endOfTagData and ffnstTagiinaHefghtare 
updated with the values for the next band and 
DoneBand is deared. Processing of the next band 
starts immediateiy. 

If NextBandBnabte is 0 then the renr«inder of the TE 
wni continue to run,, while the read control unit waits 
for NextBandEnabte to be set before it restarts. Read 
only. 



StartTagDataAdr 
(64-bit aligned DRAM 
address - should start at 
a 256-brt aligned loca- 
tion) 



19 



0xD8 



The Start address of the current row of raw tag data. 
This is rnitfally points to the first word of the band's tag 
data, which should be aligned to a 126-bit boundary 
(i.e. the lower bit of this address should be 0). Read 
only. 



EndOfTagData 
(64-bit aligned DRAM 
address) 



19 



OxDC 



FtrstTagUneHeight 



Points to the address of the final tag for the band. 
When all the tag data up to and including address 
endOfT^gOata has been read in, the tejtnishedband 
signal is given and the doneBand flag is set. Read 
only. 



The number of lines minus 1 in the first tag encoun- 
tered In this band. This wili be equal to TagMaxUne if 
tfie band starts at a tag boundary. Read only. 



Work registers (set before starting the TE and must not be touched between bandit 



0X100 


UnetnTag 


1 


0 


Detemtfnes whether or not the first line of the page is 
in a fine of tags or in an inter-tag gap. 
1 - In a tag, 0 - in an inter-tag gap. 


j 0x104 


UnePos 


14 


0 


The number of lines remaining minus 1 , in either the 
tag or the inter-tag gap in at the start of the paga 


I 0x1 10 to 
1 OxIIC 


TagData 


4x32 


0 


This 128 bit register must be set up initially wKh the 
fixed data record for the page. TWs Is either the tower 
40 (or 56) bits (and the encodeFixed register should 
be set), or the lower 1 20 bits (and enoodedRxed 
should be dear). The tagData^O] register contains the 
lower 32 bits and the tagData(3j register contains the 
upper 32 bits. 

TWs register is used throughout the tag encoding 
process to hold the next tag's variable data. 


j Worlcregistc 
1 Read-only fr 


5rs (set internally) — 

om the point of view of PCU register access 


1 0x140 


OotPos 


14 


0 


Defines the number of dotpairs remaining in either the 
tag or inter-tag gap. Does not need to be setup. 


1 0x144 


CurrTagPlaneAdr 


14 


0 


The dot-pair number being generated. 


r 0x146 


DotslnTag 


1 


0 


Determines whether the current dot pair is in a tag or 
not 

1 - In a tag, 0 - In an inter-tag gap. 
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Tafate 126. TE Conflguratron Registers 



0x14C 



0x154 



0x158 



0x1 5C 



0x160 



0x164 



0x168 




CufrTFSAdr(64-btt 
aligned ORAM address) 



ReadsRemainlng 



CountX 



CountY 



RttfTagSense 



RawTagDataAdr 
(64-Wt aligned ORAM 
address) 



19 



19 



Determines whether the production of output dots is 
for the first (and subsequent even) or second (and 
subsequent odd) row of tags. 



Points to the start next line of the TFS to be read in. 



Number of reads femaining in the current burst from 
the raw tag data interfaoe 



The number of tags remaining to be read (minus 1 ) by 
the raw tag data intertace for the current line. 



The number of times (minus 1) the tag data tor the 
current line of tags needs to be read In by the raw tag 
data interface. 



Determines whether the raw tag data interfece is cur- 
rently reading even rows of tags (^) or odd rows of 
tags (=1 ) with respect to the start of the page. Note 
that this can be different from tagAltSense since the 
raw tag data interface is reading ahead of the produc- 
tion of dots. 



The current read address within the unencoded raw 

tag data. 



The PCU accessible registers are divided amongst the TE top level and the TE sub-blocks This is achieved 
?ilSte XT^^^ " the -b-blocks as well as the top level, see Figure 153 L^rTo^rf^^ 



control 
pcu_dataout{31:0]- 






read 
Ideoode 



sut>*blocK 



top level 



tej>cu.dataln[31:0] 



te_pcu_rdy 



Figure 153- Block diagram of PCU accesses 
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26,6.5.1 Starting the TE and restarting the TE between bands 



The TE must be started after the TFU. 

For . the .first band of data, users set up NextBandStartTagDataAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight as well as other TE configuration registers. Users then set the TE*s Go bit to start pro- 
cessing of the band. When the tag data for the band has finished being decoded, the tejinishedband 
interrupt will be sent to the PCU and ICU indicating that the memory associated with the first band is now 
firee. Processing can now start on the next band of tag data. 

In order to process the next band NextBandStartTagDataAdr, NextBandEndTagData and NextBandFirst- 
TagLineHeight need to be updated before writing a 1 to NextBandEnable, There are 4 mechanisms for 
restarting the TE between bands: 

a. tejinishedband causes an interrupt to the CPU. The TE will have set its DoneBand bit. The 
CPU reprograms the NextBandStartTagDataAdr, NextBandEndTagData and NextBandFirstTa- 
gLineHeight registers, and sets NextBandEnable to restart the TE. 

b. The CPU programs the TE*s NextBandStartTagDataAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight registers and sets the NextBandEnable flag before the end of the current 
band. At the end of the current band the TE sets DoneBand. As NextBandEnable is already 1 . 
the TE starts processing the next band immediately. 

cThe PCU is programmed so that tejinishedband triggers the PCU to execute commands from 
DRAM to reprogram the NextBandStartTagDataAdr, NextBandEndTagData and Next- 
BandFirstTagLineHeight registers and set the NextBandEnable bit to start the TE processing 
the next band. The advantage of this scheme is that the CPU could process band headers m 
advance and store the band commands in DRAM ready for execution. 

ci.This is a combination of 6 and c above. The PCU (radier than the CPU in 6) programs the TE's 
NextBandStartTagDaioAdn NextBandEndTagData and NextBandFirstTagLineHeight registers 
and sets the NextBandEnable bit before the end of the current band. At the end of the current 
band the TE sets DoneBand and pulses tejinishedband. As NextBandEnable is already 1, the 
TE starts processing the next band immediately. Simultaneously, te Jinishedband triggers the 
PCU to fetch commands from DRAM. The TE will have restarted by the time the PCU has 
fetched commands from DRAM. The PCU commands program the TE nexx band shadow reg- 
isters and sets the NextBandEnable bit. 

After the first tag on the page, all bands have their first tag start at the top i.e. NextBandFirstTagLineHeight 
= TagMaxLine. Therefore the same value of NextBandFirstTagLineHeight will normally be used for all 
bands. Certainly, NextBandFirstTagLineHeight should not need to change after the second time it is pro- 
grammed. 
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I 26.6.6 TE Top Level FSM 

The following diagram illustrates the states in the FSM. 

Reset ORfift^tO 



•c 



i 



Idle 



1 



TTagDotLi 



iro^^ j 



while DToducinf valid tog 



Figure 154. Tag Encoder Top-Level FSM 

At the highest level, the TE state machine steps through the output lines of a page one line at a time, with 
the starting position either in an inter-tag gap (signal dotsintag - 0) or in a tag (signals tfsvalid and tdvalid 
and lineintag = 1) (a SoPEC may be only printing part of a tag due to multiple SoPECs printing a single 
line). ^ 

If the current position is within an inter-tag gap, an output of 0 is generated If the current position is 
within a tag, the tag format structure is used to determine the value of the output dot. using the appropriate 
encoded data bit from the fixed or variable data buffers as necessary. The TE then advances along the line 
of dots» moving through tags and inter-tag gaps according to the tag placement parameters. 



Table 127 highlights the signals used within the FSM. 


Table 127. Signals used wfthin TE top level FSM 






pCIK 


Sync dock used to register all data within the FSM 


prst^n. te.reset 


Reset signals 


advtagline 


1 cycles pulse indicating to TDI and TFS sub-t>lodc« to move onto the next line of 
Tag data 


currdGtlineadrI13:0] 


Address counter starling 2 pcOc ahead of currtagplaneadr to generate the qottm 
dotpair for the current line 


dotpos 


Counter to identify how marty dotpairs wide the tag/gap Is 


dotsintag 


Signal identifying whether the dotpair are in a tag(iygap(0) 


Oneintag^temp 


Identical to lineintag but generated 1 pdk earner 


linepos^shadow 


Shadow register for linepos due to Knepos t>e{ng written to by 2 different proc- 
esses 


talaltsense 


Flag which alternates between tag/gap lines 


te_8tate 


FSM state variabJe 


teptanebuf 


6-bit shift register used to format dotpairs into a byte for the TFU 


wradvfine 


Advance fine signal strobed when the last byte in a line is placed ont& Ifu wdata 
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Due to the 2 system clock delay m the TFS (both Table A and Table B outputs are registered) the TE FSM 
^ workmg 2 system ciocl. cycles AHEAD of the logic geneiating the wn^e data for^e TfO L a r^S^^ 
the following control signals had to be single/double registered on the system clock 



dotsintag 
tdvalid • 
tfsvalid - 
tfu_ok_write - 
lineintag^temp - 



A 



pclk 



dotsintag 1 


tdvaHdl 




tfsvalidl 


#> 


t<u_ok_writel 


► 

P 



A. 



->dotsintag2 
-►tdvalid2 



-►tfsvalid2 



■♦•tfu_ok_write2 



Figure 155. Generated Control Signals 

The tag_dot_line state can be broken down into 3 different stages. 

Sti^o !f ^ *<^«^- ™s state controls the 

wntrng of dotbytes to the TFU. As long as the tag line buffer address is not equal to the dotpainiper^e 
register .^ue ^ ffu_te_obo^rite is active, and there is valid TFS and TD aSlable or ta^S Xto^ 

plied to the TFU since the TFU is a FIFO rather than the line store used in PECl. 

"l*^^/^^ v"'''''^ ^ (///.eih/flg flag = 1) the dot position counter is decre- 

mented/reloaded (with tagmaxdotpairs or taggapdot) as the TE moves between tags/gaps. "Se doS^Z 

approaches (cumiotlmeadr dotpairsperline). 

fofA^^^'l^tr'ti^ •°","''/'°^.^^!!* ^ '^^ i^toe«e signals must be prepared 

for the next dothne be It ma tag/gap dotline or a purely gap dotline. 



f S ''T «f* dot line is reached so it is time to decrement the linepos counter if still in 

L^fr '"^^ '''^''^ "'""^^^ ^« '^'^'''4 flag if going onto 

ZTL^-^"^ T r'.fP T- -**=™P "^^^ »Ws riist^ is updfte! a 

^^^It/ w J ^"'^ »**»«Wng betwe^ dot lineTand tag 

«ri^ / ''^^ '^'^ ^« '^o'PO^ = 0 «I»e end of a tag/gap has been 

^^"^ ^J"T" - 0 the end of a tag row is reached. This s4ge uses the signals 
te«a/tte«e which were generated one JHjfeific/odfc cycle earlier in Stage 1. S- "W'ana 



Se^ InJ^f ^ ""P'^'n^n's the writing of dotpairs to the correct part of the 6-bit shift register based on 
me LbBs of currtagplaneadr and also implements the counter for the currtagplaneadr. The ewmWa- 
?or Si^sS^ r - 1). All the qtSifierS^e.^S^ 

^ ^l^^ ^ cumagpWarfr (which is «te internal wrte 

address not needed by the TFU) camiot be incremented until the dotpairs are available w^StTv^^ 
system clock cycles later than when currdotlineadr is incremented. ame wnicn is always 2 
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The wradvline and advtagline pulses are generated using the same logic (currently separated in the PECl 
Tag Encoder VHDL for clarity). Both of these pulses used to update further registers hence the reason they 
do not use the delayed by 2 system clock cycle qualifiers. 



26.6.7 Combinational Logic 



The TDI is responsible for providing the information data for a tag while the TFSI is responsible for decid- 
ing whether a particular dot on the tag should be printed as background pattern or tag information. Eveiy 
dot within a tag's boundary is either an information dot or part of the background pattern. 



TDI 



tdl_etcfO 



TFS 
Interface 



tdLetdl 



tfsLta_dotO{11 



tfsLta_dotoroi 



tfsi„ta_dot1[0] 



dotsintag 

Figure 156. Logic to combine dot infdmnation and Encoded Data 

The resulting lines of dots are stored in the TFU. 

The TFSI reads one Tag Line Structure (TLS) from the DIU for every dot line of tags. Depending on the 
current printing position within the tag (indicated by the signal tagdotnum), die TFS interface outputs dot 
information for two dots and if necessary the corresponding read addresses for encoded tag data. The read 
address are supplied to the TDI which outputs the corresponding data values. 

These data values {tdi_etdO and tdi^etdJ) are then combined with the dot information Qfsijta^dotO and 
tfsi^ta^doil) to produce the dot values that will actually be printed on the page (idots), see Figure 1 56. 



lastdotintagl 



dotsintas 
tf svalid 
t dvalid 




dotpairsp eriine 



Figure 157. Generation of Lastdotintag/1 

The signal lastdotintag is generated by checking that the dots are in a tag (dotsintag = I) and that the dot- 
position counter dotpos is equal to zero. It is also used by the TFS to load the index address register with 
zeros at the end of a tag as this is always the starting index when going from one tag to the next lastdotiti" 
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SLf^i^^y,'^"'f""r^ *'J^^' ^^''^ -^v_crWm« pulse is used to update the Table C 

(etd_switcHsta.)topuIs/.he11^«'^^^^^^ 

/Sl??*"^'"''^^ to. Woft^to^ except it is combinatoiiaJly generated (1 cycle earlier 

^ I^domiog, except at the end of a u^gline). lastdotintagl signal is only usfd in the TDi To reSfi^ 
tdvahd signal on the cycle when dotpos = 0. Note the UNSIGnId(«,^J/S.; = UNSMNeS^ 

/aifttortnrasL^en process as this is an combinatorial process ^<«>'Patrsp€rimei 2 as m the 



dotsintagi 

tfsvallHI 




dotposvalid 



te.tlbi 



Ffgure 158, Generation of Dot Position Valid 
S.»iTr'(?K^^ " ^ « Une (//>«r/„/a^/ = 1). dots being in a tae 

available (rrfva/t*// = i). Note Uiat each of the qualifier signaU are delayed by 1 oclk cvcle du« to thJr^ 

s f ?'ir.c ^^'^ ^ do^uiis used. S^^is^s^s^i^" 



dotsintag- 
tfsvafid2- 
tdvaljd2- 
currtagpfaneadr 



mi 



[13:2] 




Logic 



te_tfii_we 



^ te_tlbi_wracir 



Figuro 159. Generation of write enable to the TFU 
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The signal tejfu^wdatavalid can only be active if in a taggap or if valid tag data is available {tdvalid2 and 
tfsvalidZ) and the curnagpplaneadr(\ :0) equal 1 1 i.e. a byte of data has been generated by combining four 
dotpairs. 



tagmaxdotpairs 
► 




tagdotnum 


a 







T 



dotpos 



Figure 160. Generation of Tag Dot Number 

The signal tagdotnum tells the TFS how many dotpairs remain in a tag/gap. It is calculated by subtracting 
the value in the dotpos counter from the value programmed in the tagmcocdotpairs register 
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26.7 Tag Data Interface (TDi) 

26.7.1 r/O Specificatfon 

Table 128. TOI Port List 




pdk 


In 


J SoPEC system dock 


prst_n 


In 


I Actlve4ow, synchronous reset in pdk dbtnaln. 


DiU Read Interface Signals • — 


d(u_cfata[63.-0] 


In 


Data from DRAM, 


td_diu_rreq 


Out 


Data request to DRAM. 


td.dlu_radft21:SJ 


Out 


Read address to DRAM. 


<flu_td_fack 


in 


Data acknowiedge from DRAM. 


diu_td_rvalid 


In 


Data vaTrd stgnai from DRAM. 


PCU Interface Data, Control Signals and 


pcu.dataout[31:0] 


In 


PCU writes ttils data. 


pcu_addr(B:2J 


(n 


PCU accesses this address. 


pcu_rwn 


In 


Gtobal readi\vrite-not signal from PCU. 


pcu_te^eel 


In 


PCU selects TE for rAv access. 


pcu_te_reset 


In 


PCU reset 


td.te^donetiand 

td.te_dataredun 

M.te_deoode2den 

td_te_varfabiedatapresent 

td_te_encodefixed 

td_te_numtagsO 

td_te_numtagsl 

td^te^starttagdataadr 

td^te^rawtagdataadr 

td_te_endoftagdata 

td_te_firettaganeholght 

td_te_tagdataO 

td_te_tagdata1 

td_te_tagdata2 

td.te_taQdata3 

td_te_countx 

td_te_county 

td_te_rtdtagsense 

td_te_readsremaining | 


Out 


PCU readable registers. 


TFS (Tag Format Structure) 




tfsLadrOfarO] f 


In 


Read address for dotO 


tfsLadflC8:0J 


In 


Read address for doti 


Bandstore Signals '■ 


cdu_startofbandstore(24.'0J 


In 


Start memory area allocated for page bands 


cdu_endofliand$tore[24:0] 


In 


Last address of the memory alfocated for page bands 


te^finlshedband 


Out 


Tag encoder band finished 
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te_finlshedband 




^ tdVarid 
tastOotlnTag 
lastDotlnTagl 



^ taglsPrinted 



etdRdAdfO 



etdRdAdn 



Figure 161. TDI Architecture 



26.7.2 introduction 



The tag data interface is responsible for obtaining the raw tag data and encoding it as required by the tag 
encoder The smallest typical tag placement is 2nmi x 2min, which means a tag Is at least 126 1600 doi 
dots wide. ^ 

In PECl, in order to keep up with the HCU which processes 2 dots per cycle, the tag data interface has 
been designed to be capable of encoding a tag in 63 cycles. This is actually accomplished in approximately 
52 cycles within PECl. For SoPEC the TE need only produce one dot per cycle; it should be able to pro- 
duce tags in no more than twice the time taken by the PECl TE. Moreover, any change in implementation 
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lErom two dots to one dot per cycle should not lose the 63/52 cycle perfonnance edge attained in the PECl 

^^^.Z^t^ *^ a raw tag data interface FSM that fetches tag data 

from DRAM, two symbol-at-a-time GF(2*) Reed-Solomon encoders, an encoded data interfecc and a state 
machine for controllmg the encoding process. It also contains a tagData roister that needs to be set up to 
noid the fixed tag data for the page. 

ti^c^lZ^^^^ '^'^ '^'^ TE_encodefixed, TEJlataredun and TE_decode2den 

' (15.5) RS coding, where evety 5 input symbols are used to produce 15 output symbols, so the output is 
3 times the size of the input. This can be performed on fixed and variable tag data. 

• (15,r) RS coding, where every 7 input symbols are used to produce 15 output symboU, so for the same 
num^r of "P"* symbols, the output is not as large as the (15.5) code (for moie details see section 
Z6.7.6 on page 400). This can be perfonned on fixed and variable tag data. 

• 2D decoding, where each 2 input bits are used to produce 4 ou^ut bits. This can be perfonned on fixed 
and variable tag data, 

' f^f^t ^^^^ ^^^'^ siniply passed into the Encoded Data Interfece. This can be perfomied on 
Dxed data only. 

?! H-r** *f ^ °» ^« P'^ge) «»d variable tag 

data (i.e. different for ead^tag on the page). ^ 

r^Sc*"^k*'"!-'If cf " ^ ^^'^ " ^"^<ly ^od^d (or no coding is required). 

IS coded It IS 120-bits long. It IS then stored in the Encoded Tag Data Interface. 

The variable tag data is stored in the DRAM in uncoded form. When (15.5) coding is required, the 120- 
bite Stored m DR^ are encoded into 360-bits. When (15.7) coding is required. L 1 libi^ stoni in 
DRAM are encoded mto 240-bits. When 2D decoding is required the 120-bits stored in DRAM are con- 
verted mto 240-bits. In each case the encoded bits are stored in the Encoded Tag Data Interfiice. 
The encoded fixed and variable tag data are eventually used to print the tag. 

^""^ ^^^^ " " ^ ^ '>^^ P*««^- It « '"coded as necessary and 

IS then stored in one of the 8xl5-bits registers/RAMs in the Encoded Tag Data Interface. This data remains 
unchanged m the registers/^AMs until the next page is ready to be processed. 

The 1 20-bits of unencodcd variable tag data for each tag is stored in four 32.bit words. The TE re-reads 

^ JJ?*,. ; V " ^^^"^ "^'^ " P'~l"«» tag- TJ« variable tag 

data HFO which reads from DRAM has enough space to store 4 tags. 
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I 26.7.3 Data Flow 

An overview of the dataflow through the TDI can be seen in Figure 162 below. 



RAW TAG DATA tNTERfWCE 
8'64 



ENCODED TAQ DATA tNTERFACE 

-Encoded fbcftd data can be Up t20 bits looo 
•Oso 2 buffefv to anow lor 2 simuttaneousV 
REAOs in ona cyde. 

'These storw hold ih« fhded tag data tor 1 laa 
-Total memofy - 120x2 - 240 bits 



TAQ DATA REOSTER 




REEDSOLOMOItf 
DECODE ZD 



•Iho rsquesled lag b READ 
tRfodii9l2Mt buffer. 
-TKs buffer can ba updated 
up to 163times/bte. 
-EachtaowaibftloadM 
at least 126tf 



•mm doviaa 126 (speciflod) 
-max dots«ie • 1600x12.6 « 20460 
-max taos/Bne - 2048(yi26 « 163 
•max variabfe data^^ - 120 
•max amount of tag datartlne - 120 X 164 
•Spflt ma 120 tag data bits into 2x84.bfts (Ssp^t^) 
•Atax memory needed lor 1 Rne o( tag data • 2x64x164 • Q5ex32 
<a«ndethiainhalf ioaScMtf«orBln«itaneou3 REAO/WRtTE 
-On» a« thia data is loaded it ¥*I be vaBd tor at least 126 «noa. 
•Prom the spedflcaifon. we must be able to precess 2 dots/bydei. 
-126 Ones contains 20460x126 - 2580480 dots. 
•Therefore the data wU be updated at moat e»«fy 1 290240 cwclos. 
-Total memory. 164x2x64 • 209a2^xta 
-JJeatora uses W« addiessino, Bft-9 indiaies which 

Le.aoral2^Jnchtlneilhasl0240dbtaor5120cvcfas 
tar an 6 inch fine II has 6400 dou or 3200 cms 




-Have to be able to read one tag^ data 
horn the Raw Tag Data Intedace, RS 
encode and atore ft in the Encoded Tao 
Data Imaitaoe fc« 63 cycles oriess. 



-Erxxxtod viflafale data can bft up to 360 tfts tono 
•Use 2 buflem to anonv lor 2 simuitanaoualy 
REAOainanacycIa 

4Ae 2 fiulVam to allow tor simultmeously 
REAOAIVRITE 

•IMal memoiy « 300)^ « 1260 bits 
-MIntaoMidih- 126 dots 

so the fastest that 1 tag can be read « 126/2 - 63 cycfea 



Figure 162. Data Flow Through the TDI 

The TD interface consists of the following main sections: 

• the Raw Tag Data Interface - fetches tag data from DRAM; 

• the tag data register; 

• 2 Reed Solomon encoders - each encodes one 4-bit symbol at a time; 

• the Encoded Tag Data Interface - supplies encoded tag data for output; 

• Two 2D decoders. 

The niain performance specification for PECl is that the TE must be able to output data at a continuous 
rate of 2 dots per cycle . 
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Raw tag data interface 

The raw tag data interface (RTDI) provides a simple means of accessing raw tag data in DRAM The RTDI 
passes tag data into a FIFO where it can be subsequently read as required. The 64-bit output from the 
FIFO can be read directly, with the value of the wr^^counter being used to set/reset as the enable signal 
{rtdAvail). The FIFO is clocked out with receipt of an ndRd signal from the TS FSM. 
Figure 163 shows a block diagram of the raw tag data interface. 



DRAMfnteifece 



raw tag data 
Interftee 



raw tag data 

RFO 
(8x64^) 



tflu.cteta|63:0] 
wrptr 

rtd_fffb_wr_en 

rdptr 

pdk 



rtdbuf[64:0] 



I 



17 



rtd state 
machtne 



te.flnishedband 



fWb_wr_en 



rtdbufI63:0) 



(r rldbuf data legistefed in Tag Data Reg) 



f — Gi>— I 

tr I I pdptr 

^ U D Q I \ 




Ffgure 163. Raw tag data interface block diagram 



26.7.4.1 RTDiFSM 



The RTDI state machine is responsible for keeping the raw tag FIFO frill. The state machine reads the line 
oftog data once for each pnntline that uses the tag. This means a given line of tag data will be read at least 

f^^^Z^^T^ ^^'t' ^""^ ^ ™" "^^^ ^ *e first line of tag data may be read 
fewer than 1 26 fames smce the start of the page may be within a tag. In addition odd and even rows of tags 
may contain different numbers of tags. *uwa ux wgs 
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Section 26.6.5.1 outlines how to start the TE and restart it between bands. Users must set the NextBand- 
StartTagDM NextBandEndOfTagData. NextBan<mrs,TtgUneHeigkt and numTags[0], T^^i[ 
registets before starting the TB by asserting Go. 6 i j, "-mtagsi 

To restart the tag encoder for second and subsequent bands of a page, the NextBandStartTagDataAdr 
NextBandEndO^agData and NextBandFirstTagLineHeigh registers need to be updated (typicalT; 
""'"Tag.lOJ and numTagsflJ will be the same if the previous band contains an even number of ti rows) 

t?e xTbTf ■ """"^ ' " ^' of reprogSnmini 

The RTDI State Flow diagram is shown in Figure 164. An explanation of the states follows: 
Me state:- Stay in the idle state if there is no variable data present. If there is variable data present and 
there are at least 4 spaces left in the FIFO then request a burst of 2 tags from the DRAM (1 • 256bits) 
Counter countx is assigned the number of tags in a even/odd line which depends on the value of rejristCT 
rtdtagsense. Down-couater county is assigned the number of dot lines high a tag wUl be (min 126) Ini- 
tially « must be set ^^firsnaglineheight value as the TE may be between pages (i.e. a partial tag). For nor- 
mal tag generation cotOTrv will take the value of i^gTOar/.>Ms register. wg;.rornor 

'^^J^^'-J^J^ generate a request to the DRAM if there are at least 4 spaces in the 
the counter wr_rd_counter which is incremented/decremented on writes/reads 

1^^ J^.^ i^'f.Tr- Z'^'^^T (FIFO is 8 high) there must be 4 locations fiee. A 

conht>l signal ^<,dui_^u_radrvalid^s generated for the duration of the DRAM burst access. Addresses 
are s«inn bursts of 1. ITie counter burst.count controls dus signal. (wUl involve modification to existing 

ng Llf^":^ " ^ I>RAM read will contain a tag in the first 128 bits and 



jyojoad:- This state controls the addressing to the DRAM. Countere counu and county are used to moni- 
tor M*e^er the TE is processing a line of dots within a row of tags. When countx is zero it meims all tag 
dote for ttus row are complete. When county is zero it means the TE is on the last line of dots (prior to Y 
s^in^for this row of togs. When a row of tags is complete the sense of rtdtagsense is inv«ted (odd/ 
Z } u '^fS*^!^ is.compared to the te_endqftagdata address. U rawtagdataadr = endoftagdata 
the dc/ieW signa^ is set. thefinishedband signal is pulsed, and the FSM enters the rtd^tall stote until 
tte doneband signal is reset to zero by the PCU by which time the rawtagdata. endojiagedata and firstta- 

,i!^^^fTV^ ^ "^'^ "^"^ '^^ ™^ ^e is used to count the 64-bit reads 

froni the DIU. Each time diu_td_rvaiid is high rtd_data_count is incremented by 1. The compare of 
'^^u^-fTZ'^" J^"" neccessary to find out when either all 4'64-bit data has been received or 
n &4-bit data (depending on a match of rawtagdataadr - endoftagdata in the middle of a set of 4*64-bit 
values being returned by the DIU. <« oi h oit 



rtOte//:- This state waits for the the doneband siga^ to be reset (see page 379 for a description of how 
this occurs). Once reset the FSM returns to the idle state. This states also performs the same count on the 
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diu^data read as above in the case where diu_td_rvalid has not gone high by the time the addressing is 
complete and the end of band data has been reached i.e. rawtagdataadr = endoftagdata 



variaMedataPfesent = 0 



o: 



IDLE 



I ^ 



3 



Qtt".1 ANP wf rd i?pumBr< IS 



end of 
burst 



DIU^ACCESS 



5) 



FIFO.LOAD 



doneband = 0 



tfni td racK = 1 



doneband as 1 



.STALL 



0 



Figure 164. RTOI State Flow Diagram 



DRAM 



address 



band NV i 



cdu_8tartofband$tore 

T^endoftagtfata (for band N) 

TE.endoftagdata (for band N+1) 
cdu_endofbandstore 



Figure 165. Relationship between TE.endoftagdata, cdu.startofbandstore and 

cdu_endofbandstore 
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26.7.5 TDI state machine 

The tag data state machine has two processing phases. The first processing phase is to encode the fixed tag 
data stored in the 128-bit (2 x 64-bit) tag data register. The second is to encode tag data as it is required by 
the tag eacoder. 

When the Tag Encoder is started up, the fixed tag data is already preloaded in the 128 bit tag data record If 
encodeFixed is set, then the 2 codewords stored in the lower bits of the tag data record need to be encoded: 
40 bits if datoRedun = 0, and 56 bits if datoRedun = 1. If encodeFixed is clear, then the lower 120 bits of 
the tag data record must be passed to the encoded tag data interface without being encoded. 

When encodeFixed is set, the symbols derived from codeword 0 are written to codeword 6 and the sym- 
bols derived from codeword 1 are written to codeword 7. The data symbols are stored first and then the 
remaining redundancy symbols are stored afterwards, for a total of 1 5 symbols. Thus, when datoRedun «= 
0, the 5 symbols derived firom bits 0-19 are written to symbols 0-4, and the redundancy symbols are writ- 
ten to symbols 5-14. When datoRedun « 1, the 7 symbols derived from bits 0-27 ai« written to symbols 0- 
6, and the redundancy symbols are written to symbols 7-14. 

When encodeFixed is clear, the 120 bits of fixed data is copied directly to codewords 6 and 7. 
The TDI State Flow diagram is shown in Figure 166. An explanation of the states follows. 




Figure 166. TDi State Flow Diagram 

idle> In the idle state wait for the tag encoder go signal - top_go = 1. The first task is to either store or 
encode the Fixed data. Once the Fixed data is stored or encoded/stored the donefixed flag is set. If there is 
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no variable data the FSM letums to the idle state hence the reason to check the donefixed flag before 
advancing i.e. only store/encode the fixed data once. ^"ejixea nag oerore 

ftS"St;!"fi^!.?/-*^ ^-I^^ """^ ^'^'^y *e fixed data in the 

^T^^^^^^^i:^'^: ^' (^^=^> ^'^■'^^^ '^^^^ 20 decoded 

?ouldbT encod^ed and <&/a«d«« and decode2den detennine what the next state 

bypass_io^etdi:. The bypass_to_ctdi takes 120-bits of fixed data(pre-encoded) from the ta8_data(127 0) 
ZTZ fT. "I?? ' ' simultaneous reads) buffe.^. TlJe data is paLd from *e 
T^£l ^Sister through 3 levels of muxing (level!. Ievel2, levelS) where it enten, the RSO/RSl 

Sir "r '^"f "^"^^ """^'-^ """"''-^ »«» hence the daS^™ 

S i.7 '^^'^ e/rf_w.«d^ must be high to store this data J^Z 

etd_buf_^itch.^ This state is used to set the tdvalidagtal and pulse the etd adu tag signal which in turn 

-S^ ^ tag IS encoded. If zero it means read the tag data from the RTDi UFO and encode On2 

u^iw ^ and returns to the readtagdata state to fill the 2nd ETDi buffer After this 

Jodnf^''"^ '° ^^.^^^--^ signal to anivcln between^ Xn^',^^ 

doungtag signal is received the etd^dy_tag is pulsed and the FSM goes to the readtag<kte state How^r 
jf die there is an extra 1 cycle delay intrJduceT^ gen^^S 

the errf_arf.._te^ pulse (via etd_ady_tag_endoflme) due to the pipelining in the TFS. This allows all^ 
previous tag to be read from die correct buffer and seamless tra^fer to the other buffer foj the n^ ifne 
teadtagdaui> The readtagdata state waits to receive a rtdlm.// signal from the raw tag data interface which 

VI "^^K? T'"^'*- "^^ '"^""'^ '''^'^ « 128-bits so it takes 2 pulses of^e^'J 
pit f 2*«4-b.ts mto the tag_data register. If the rtdavail signal is set rtdrd is pulsed for 1 qSe 
and the FSM steps onto die loadtagdata state. Initially the fUgfirst64bits wUl be zere. The 64-bits oTS 
^^r^Tt^^tj^'^^"'''^ flag/&«<W6to is set to indicate the first raw tag data i^ls 

STf?m t?' FSM then «eps back to the read_tagdata state where it generates the seconS rtdni pulse 
i^Lte/S^tf^ loadtagdata state for where the second 64.bits of rawtag data are assigned to 

i^^S^Sr: ^e'^'^ ^ the raw tag data into the.ft,«_&r« register from the RTDi FIFO. 
Tle>«^A,tt flag IS r<»« to zero as the tag_fiata register now contains 120/1 12 bits of variable data. A 
decode of whether to (15:5) or (15:7) RS encode or 2D decode this data, decides the next state. 

Zd!i£'^li^ "^-'^-^i^*^ ^'^-^^ "^"^ ^^'^ Fixed data or 120-bit 

t"?"^ '""'^ flag is set as this only needs To be done onc^ 

■ fc '"^'^'^"f^resent register is then poUed to see if there is variable data in the tags If there 

tl^h^t n/r^"" '^'^ '^"^ ^'^ i'^to «ag_rf«« register; 

Encoder and controls feedforward and feedback muxes dial enable (1 5:5) encoding. 
UlfJT"'-^-/ u '**'' ^^^^ 8e°«=rates the control signals for passing 120-bits of variable tag data to the RS 
^^L"" . ''^f u° o^*^ '■■^-'^''"'''^^ is used both to control the Ievell_mux and act as the 

15-cycle counter of the RS Encoder. This logic cycles for a total of 3* 15 cycles to encode the 120-bits. 

Sf^ead^f 5"^^"^ '^^^ " ^'^^ t° '^-l 5-5 state except the levell_mux has to select 7 4-bit sym- 

1^Sr^^d^r^-/^'''''^Z^'^^Ji^-^ ' ■^'^ **«^«'-2<l states provides die control signals for passing the 
120-bit vanable data to the 2D decoder. The 2 Isbs are decoded to create 4 bits. The 4 bits from each 
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decoder are combined and stored in the ETDi. Next the 2 MSBs are decoded to create 4 bits. Again the 4 
bits from each decoder are combined and stored in the ETDi. 

As can be seen from Figure 161 on page 386 there are 3 stages of muxing between the Tag Data register 
and the RS encoders or 2D decoders. Levels 1-2 are controlled by levell^mux and lev€l2_mux which are 
generated within the TDi FSM as is the write address to the ETDi buffers (etd_wr_adr) 

Figures 167 through 172 illustrate the mappings used to store the encoded fixed and variable tag data in the 
ETDI buffers. 
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hamagdneori 



T^teQdata{1 ta-O) TE.lagdata(1 19:0) 



tdL.<fiu_ftar 


3129.. 


..10 




6362.. 


..33 32 




9594.. 


.65 64 




127 126. . 


..07 96 



J ~ ) cuiT,wrrile,j6gri:uiT_ieadjmr ^ 



cufrjRfriie.8dPi-iftutr.read_adrV1 

IJ ► 



6362.. 


10 


127 126. . 


..65 64 



TE_tagtiata(l27:0) 



63 62.. 


..10 


127 126. . 


..6564 



19 18.. 


..10 


3936.. 


...21 2C 


59 56.. 


41 40 


7978.. 


..fl16C 


99 98.. 


.. 61 8C 


119116 


.101 IOC 



d4 d3 d2 ^2 dp 



TE^taodata(119:0} 




P9 P6 P7 Pa Ps P4 Pa Pa Pi Pq ^4 da d2 dt dp 



dO to d9 are encoded and stored 
during cydes N to N+14 



I Pl9Pl6Pl7p|6Pl5Pl4Pl3Pl2Pl1 PtQ ds 0? «$ 

* wradr(5:0) 



£hh£di3di2dj|d|0 



^19£t6_di7dlBdtS 



^^^^. ^RSO |P29P2eP27P26P2SPa4P23PaP2t Pgadt4 <<t3<<12 d^ djQ 



P39P3BP37P3e P3S P34 P33 P32 P31 P30 d^B dt« dtr d,e d,5 



dio to dl9 are encoded and storad 
durtng eycfes N*AS to Nt- S9 



d24 <%3 ^2Z <^2^ ^70 



codewofdS 





P39 P29 


to 


P38 P28 


1C 


P37P27 


1B 


P36 P2C 


1A 


P35P25 


19 


P34 P24 


16 


P33P23 




P32 P22 


16 


P31 P21 


15 


P30P2O 


14 


^19^14 


13 


dl8 di3 


12 


di7<^12 




016<*11 


10 


dtsdto 






codeword 1 - 
codewofd 0 * 



wradr(5:0} 



I I codeword 2 ' 
^ RSO h" » fP49 P46 P47 P4e P45 P44 P43 P42 P41 P40 024 023 d22 d2l <%0 



d20 to d29 are encoded and stored 
during eycfes tUSO to tM^ 




nsi 



I P59 Psa PS7 PS6 PS5 P54 PS3 P52 P5I Pspdzg 026 027^26^25 



Figure 167. Mapping of the tag data to codewords 0-7 





P59P49 




PS8P4a 




PS7P47 




PS6 P46 




P55P45 




PS4P44 




P53 P4a 




P52P42 




PSl P4I 




PSO P40 




^29^24 




^26^23 




d27d22 




d2ed2i 


^ 20 


^25 d20 


codeword s ■— ~ T 
codeword 4 ' 
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WTadr(5:0) 



d4 dz di dp 



da d7 dfi da 




RSI 



do to d9 are encoded and stored 
during cydes N to N+T4 





J|3E 


Pl9P9 




>/ ^° 


PieP0 




// ^ 


P17P7 








1 P9 Pb P7 Pe Ps P4 P3 Pa Pi Po <*4d3d2d,do V / 


P16P6 






P15P5 
Pu Pa 






P13P3 


Pi9 Pi8 Pi7 Pifi Pis Pi« Pi3 Pi2 Pi 1 Pio O9 cIb <^ d^ ds 




P12P2 






P»i P$ 






P10P0 




\i 














d7d2 






dedi 




^ 30 






code%vord7— J j 
oodeworde ' 



oodewnnie ' 

Figure 168. Coding and mapping of uneoded Fixed Tag Data for (15.5) RS encoder 



TE.ta9data(1 19:0) 



do to d29 are stored 
during cycles N to N^14 




ie 1 

Figure 169. Mapping of pre-coded Fixed Tag Data 



oode%wDfd7- 
oodewordO * 
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ORAM 




td(.(|{u_adr 


3129.. 


-.1 0 


idijciu.adr^l 




..33 32 


ldl_dhj_adr^2 


9584.. 


..65 64 




127 126. . 


.97 96 



haMtagnneCVl 



[ ~\ cufr_write_adrtai/T^fead_atff 



GunL.wrfto.^«1/curr_fQad adr+T 

I J 





TE„taodata(127:0) 


27 28.. 


..10 


&362.. 


..10 




63 62 . . ..to 




55 S4.. 


..29 2C 


127 t26. , 


..65 64 




127 126.. ..6564 




63 62. 


..57 56 


1 


1 


■ 




111110- 


..856^ 



T6_tagdata<1 1 1 .0) Te^tag<Jata(1 1 1 :0) 



ds d4 da dg d2 <lo 



dj d4 dg d2 dj do 


— ► 


RSO 




d,3 di2 dn dio da da dr 














RSf 









P7PePs P4P3 PaPt Pto<fe ds dj d 



►C PisPuPiaPiaPtiPioPg P8<<i3diadi,dtod9dad7 



do to dl 3 are encoded and stored 
during cydasN to 



T^.tagdata(1ii:0) 





/ 

^ 


RSO 






d20 d|g d,a d|7 die d|5 d^ 


<^ c'zsdss d24 d23d22 d2i 


RSt 







I P23 P22 Rgl P20 Pl9 Pie Pl7 Pl6 ^20 <<19 <<ta <<17 die <<1S^ 
P3lP30P29P2eP27P2SP25P24d27d26<'2S<^4d23d22d2i 



dl4 to d27 are encoded and stored 
during cydesN4-15 ID N+29 ' 




Figure 17a Coding and mapping of Variable Tag Data for (15,7) RS encoder 



Ooc: SoPEC_hardware_desfgn 
Version: 2.3 



S3 Proprietary Oocument 



^STnov 2002 
Page 397 



SoPEC : Hardware Design 



de dj d2 da <lo 


. ■¥ 


RSO 


d|3 d|2 d|| diodg da d7 




\ 






RSI 



P7 P6 Ps Pa P3 Pg Pi Pq <% ds d4 d) da d, do 



Pi5PuPf3Pi2Pii PioPa Pfl<<ta<^i2 ^1 1 <tio <h<^bfh 



dO to d13 are encoded end stored 
during cycles N to N-f14 



wrBdr(5:0) 


41 3E 


P15P7 




P14P6 


// 


PiaPs 


/ / 


P12 P4 


If / 3A 


Pll P3 


y 30 


P10P2 




P«Pl 


7 \ 37 


PePo 


\ \ ^ 




\\ ^ 




\\ ^ 


^11 d4 


\\ 


d,od3 


vi ^ 


dg d2 


^ 31 


da d, 


^ 30 


<i7 elo 


codeword 7 J y 

codeword 6 — ' 



Ffgure 171. Coding and mapping of uncoded Fixed Tag Data for (15,7) RS encoder 
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haKtagtineO/l 





TE_tagdata(i27:0) 


19 16 


1 0 


6362.. 


..1 0 


63 62 . . ..10 




39 38.. 


21 2C 


127 126. . 


-.65 64 


127126.. ..6564 




59 56.. 


..41 40 


4 


t 






7978.. 


^61 6C 


* 


1 




99 98.. 


.ei8C 








119118. 


■ .101 w 



TE_taBdala{i 19:0) Te,tagdata(1 19:0) 



TE_lafldata(119:0) 



wradr(5:0) 



*U U ^3 h ^2 12 I, hp 



'»l9h6<6'>7'7Hgfehsfs 








X X 






X X 






X X 


DEC 




X X 




X X 






H9 H4 


DEC 




Ha H3 




H7 H2 






Hfl H, 










\ 








^ L: 












Us Li 








a 


codewordO • 



wradr(5:0) 



''24»24h23l23h2a»Z2'>2tblhaol20 
"29^H2B»28''Z7«27h26b6'l2sJ2S 




t upper 2-brts of symbol x 
tower 2^ts of symbol x 

» f\c after 2D decodinQ (4-bHs long) 
I, after 20 decoding (4^)its Jong) 



20 Decoding 



X o dont care 



Mx 




00 


0001 


01 


00 1 0 


1 0 


0100 


1 1 


1000 



X « dont care 



't4 N3 '13 ^12 ti2 Ni hi »io tio 



^19 '19 >ha 'iB hi7 hy h^a Ijg h,s i„ 



DEC 



DEC 





X X 


' 2D 


X X 


2C 


X X 


26 


X X 


2A 


X X 


29 


*^29 H24 


28 




27 


^27 


26 




25 


H25 H20 


24 


^ *-24 


23 


L28 L23 


22 




21 




20 


^25 L20 



codewords 
codeword 



X s dont care 



codewords 

codeword2 ' 



wrBdr(5:0) 




X 


X 




X 


X 


/i 


X 


X 




X 


X 




X 


X 


19 


H,9 


H,4 


ia 


HfB 


H,3 




H,T 


Hi 2 


16 


H,« 


H„ 




Hts 


H,o 






Ll4 




t-ia 


L,3 




Liy 


L12 




t-16 


L,l 


^ 10 


Lis 


L,o 








2 




t 



Figure 172. Mapping of 2D decoded Variable Tag Data 
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26.7.6 Reed Solomon (RS) Encoder 

26.7.7 Introduction 

A^Reed Solomon code is a non binaiy. block code. If a symbol consists of m bits then there are q = 2°' oos- 

sible symbols defimng the code alphabet. In the TE. m - 4 so the number of possible s^l^^s q : 1 r 

Z vTo^^^'JU^^T'^ "f" infonnation symbols and n code-wrd symbols. RS codes have 
the property that the code word n IS Imuted to at most q+1 symbols in length 

• TE_dataredun = 0 and TE_decode2den - 0, then use the (1 5^) RS codw 

• TE_dataredun = 1 and TE_decode2den - 0, then use the (1 5,7) RS coder 

For a (1 5.k) RS code with m = 4. k 4-bit information symbols appUed to the coder produce 1 5 4-bit code 

S^Tt' ''^r^'^: ^ "^'^ TE. the code is systematic so the fin^t k codeword^Sm^^k are 

the as the k input infonnation symbols. V4*«ciue5amc 

A simple block diagram can be seen in. 



»«1 k 

iHQsmnaaE)— ^ RS (n,k) encoder 
symt>cl size m=4 



1 2 n-1 n 



Figure 173. Simple block diagram lor an m=4 Reed Solomon Encoder 

26.7.8 I/O Specification 

A I/O diagram of the RS encoder can be seen in. 



pdk 



preUi 



ra_<latajn(3;01 



enable 



T^_dataredun 



Reed Sotomon Encoder 



i^data,out f3;0] 



26.7.9 



Figure 174. RS Encoder I/O diagram 

Proposed implementation 

In the case of the TE. (15.5) and (15,7) codes are to be used with 4-bits per symbol. 

The primitive polynomial is p(x) = + x + 1 

In the case of the (15.5) code, this gives a generator polynomial of 

g(x) = (x+a)(x+a2)(x+a3Xx+a^)(x+a5)(x+a^(x-hi^Xx+a8)(x+a^(x+aJ0) 
g(x) « + aV -h a^x« + a^x^ 4- a<^x^ + a^ V + a^x^ + ax^ + a^x^ + ax + a»0 

g(x)"x'0-fgi^^^gaX«4-g,x^ + g,x^ + g,x5 + g^^4 ^ g^^3 ^ g^^2 g,x + go 
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In the case of the (15.7) code, this gives a generator polynomial of 

h{x) = x« + ai<x' + a^x* + aV + aV + a> V + a'x* + a"x + a* 

h(x) = X« + h7x' + h6X« + hjX* + h4X* + hjX^ + h2x2 + h,X + hfl 

This division is accomplished using the circuit shown in Figure 175. 

control^/ 



)h4 




Qt 



00nirol_5 




^(tefiocea an multipSer tfiat 

Adenotea ar» adder (hat 
adds Goiois Held elements 



oon&uLi— J/ 
T^daianodut 



rs.Jlas«Jn(3:09 




codewoid 
Symbols 



Figure 175. (15,5) & (15,7) RS Encoder block diagram 

The data in the circuit are Galois Field elements so addition and multiplication are performed using special 
circuitry. These are explamcd in the next sections. 

TJc RS coder can operate either in (15.5) or (15.7) mode. The selection is made by the registers 

^^s^^^ ^^^'^^ '^'''^^ co«m>C7 is always zero and when operating in (15,7) mode controls is 

Firstly consider (1 5,5) mode i.e. TE^ataredun is set to zero. 
For each new set of 5 input symbols, processing is as follows: 

The 4.bits of the first symbol dg are fed to the input port rs^dataJn^iQ) and controU is set to 0. mux2 is 
set so as to use the output as feedback. control_5 is zero so mux4 selects the input {rs^data in) as the out- 
put M<^ta^out) Once the data has settled (« 1 cycle), the shift registers are clocked. The next symbol 
rf/ IS then apphed to the mput, and again after the data has settled the shift registers are clocked again This 
^ reputed for the ne^ 3 symbols rf^, d^ and d,. As a result, the first 5 outputs are the same as^e inputs 
After 5 cycles the shift registers now contain the next 10 required outputs, contrvl S is set to 1 for the next 
10 cycles so that z«ros are fed back by mux2 and the shift register ^^lues are fe^to the outprby 
and mux4 by sunply dockmg the registers. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



2TN0V 2002 
Page 401 



SoPEC : Hardware Design 



A tuning diagram is shown below. 




Figure 176. (15.5) RS Encoder timing diagram 



Secondly consider (1 5,7) mode Le. TE_dataredm is set to one. 

In this case processing is similar to above except tfiai control 7 stays low while 7 symbols (d d d\ 

cycles. coW_7 IS set to 1 and the contents of the shift registers are fed to the output ^'^'^ ^ 
A timing diagram is shown below. ' 




Figure 177. (15.7) RS Encoder timing diagram 

The enable signal can be used to start/reset the counter and the shift registers. 

J^'^i.^^ ^'^"^ ^'^^ starts on a rising enable edge. After 15 symboU have 

^'^'^ '''^ ^Sisters are reset and encoding will proceed until it is 

output at a rate of 1 symbol per cycle, even over a few codewords. 
Alternatively, the RS encoder can request data as it requires. 

? W^?^™'!"'^ ^ " ^^"^^^S "^"^^ ^ out within 63 cycles 

• load one tag's raw data into r£Lrfl^db/fl 

• encode the raw tag data 

• store the encoded tag data in the Encoded Tag Data Interface 

Sal k Tllu" ""^^"^ ^ data at the start of a page, there is no definite performance criterion except 
that It should be encoded and stored as fast as possible. 
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26.7.10 Galois Field elements and their representation 

A Galois Field is a set of elements in which we can do addition, subtraction, multiplication and division 
without leaving the set 

The TE uses RS encoding over the Galois Field GF(2^ There are 2^ elements in GF(2*) and they art gen- 
erated ustng the primitive polynomial p(x) = + x + 1 . © 

The 16 elements of GF(2^) can be represented in a number of diflferent ways. Table shows three possible 
representations - the power, polynomial and 4-tuple representation. 



Table 129. GF(2*) representations 













^^^^^^^ 


0 


0 


(0000) 


1 


1 


(1 00 0) 


a 


X 


(0 100) 






(0 0 10) 




x^ 


(0001) 


a* 


1 +x 


(1 100) 


a' 


x+x^ 


(0110) 


a» 


X2 + X3 


(0 011) 


a' 


1+X +X3 


(1101) 


a« 


1 +X2 


(1010) 


a« 


X +X» 


(0 101) 




1 +X+X^ 


(1110) 


a'' 


X + X^ + X5 


(0 111) 


a« 


1+X + X* + X^ 


(1111) 




1 +X^ + X2 


(10 11) 




J +x^ 


(1001) 



26.7.1 1 Multiplication of GF(2^) elements 

The multiplication of two field elements a* and a** is defined as 
of = a*.a^ = Q(a'Hj)iiwdulo 15 

Thus 

So if we have the elements in exponential form, multiplication is simply a matter of modulo 15 addition. 
If the elements afe in polynomial/tuple form, the polynomials must be multiplied and reduced mod x^ + x 

Suppose we wish to multiply the two field elements in GF(2'*): 
a* « a3X^ + a2X^ + a,x^ + bq 
a** « bjx^ + bjx^ + b,x' + bo 
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where 24, bi are in the field (0,1) (i.e. modulo 2 arithmetic) 

Multiplying these out and using x'* + x + 1 = 0 we get: 

= t(aot>3 + aib2 + ajbi + ajbo) + ajb3]x^ 
+ f(ao^2 ^ ai^i + ^2^q) + ajbj + (a3b2 + a2b3)]x^ 
+ [(aobi + a|bo) + (a3b2 + a2b3) + (aib3 + ajbj + a3bi)]x 
+ [(aobo + a,b3 + a2b2 + ajb,)] 
ot*"** = [aobs + ajbj + a2bi + a3(bo + b3)]x^ 

+ [aob2 + a|b, + a2(bo + bs) + aaOJj + b3) Jx^ 

+ [ao^i + a,(bo + b3) + a20>2 + bj) + a3(b| + bj) ]x 

+ [aobo + aib3 + a2b2 + asbi] 



If we wish to multiply an arbitrary field element by a fixed field element we get a more simple form. Sup- 
pose we wish to multiply a** by cr. 

In this case = x^ so (aO al a2 a3) = (0 0 0 1). Substituting this into the above equation gives 

ct^ * G>0 + ^)^^ + 0>2 + b3)x^ 4- (bi + b2)x + bj 
This can be implemented using simple XOR gates as shown in Figure 178 

ba ti b, bo -a" 







1 


J 

r 




; 

r 




r 



C3 

ORc 



CO 



Figure 178. Circuit for muKlptying by 

26.7.1 2 Addaion of GF(2^) elements 

If the elements are in their polynomial/tupte fonn» polynomials are sin[q)ly added. 
Suppose we wish to add the two field elements in GF(2'^): 

ct* = a3X^ + a2X^ + aix + ao 

ct^ = bjx^ + bjx^ + b,x + bo 
where Bi, b| are in the field (0,1) (i.e. modulo 2 arithmetic) 

a^ = a* + a*»-(a3 + b3)x^ + (a2+b2)x2 + (a,+bi)x + (ao + bo) 
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Again this can be implemented using simple XOR gates as shown in Figure 1 79 

•»» as t>j «j <>i «, ty, ao 



T T T T 



® emAofwa OR gate 



Figure 179. Adding two field elements 



26.7.13 Reed Solomon Impfementation 



^^^^IITa^"^^^^ create the relevant addition and multiplication circuits and instantiate them 
where necessary. Alternatively the feedback muhiplications can be combined as follows. 
Consider the multiplication 

or in terms of polynomials 

(ajx' + ajx^ + a,x + aoXCbjx' + bzx^ + b,x + bo) = (cjx^ + cax^ + c,x + c^,) 



Table 130. gc murtlplled by ait field elements, expressed in terms of a" 



a3 



,11 



,12 



J4 



(0 0 00) 



(1 000} 



(0 100) 



(0010) 



(0001) 



(1 100) 



(0110) 



(001 1) 



(1101) 



(1010) 



(010 1) 



(1110) 



(0 111) 



(1111) 



(1011) 



(1 001) 



bo 



J5l 



bi+bg 



bi+b2 



bo+b^+b3 



b|+b3 



bo+bg+bg 



bi+b2+b3 



bo+b|4^+b3 



bo+bi-rt)2 



bo+b, 



the following signals are required: 
• bo,bj.b2. b3. 



bt+bg 



bq+byfba 



bi+bg+bg 



bo^3 



b2+b3 



bl4t>2 



bg+bj+ba 



bo+ba 



bi+bg 



bg+bi+bg+bg 



bp+bt-frbz 



bo+b. 



bo4b2'*b3 



bi+b24b3 



bo4<>t^H4)3 
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• ( bo+b,). (bo+bj). (bo+bj), (bi+b2). (bj+bj), Qiz-^h^X 

• (bo^i+b2),{bo+b,+b3).(bo+b2+b3),(b,+b2+b3). 

• (bo+biH-b2+b3) 

The implementation of the circuit can be seen in Figure . The main components axe XOR gates. 4-bit shift 
registers and multiplexers. *- e » wit aunt 

The RS encoder has 4 input lines labelled 0,1,2 & 3 and 4 output lines labelled 0.1.2 & 3. This labelling 
corresponds to the subscripts of the polynomial/4-tuple representation. The mapping of 4-bit symbols 
from the TE^tagdata raster into the RS is as follows: 

- the LSB in the TE^tagdata is fed into lincO 

- the next most significant LSB is fed into linel 

- the next most significant LSB is fed into Iine2 

- the MSB is fed into line3 

The RS oiurtput mapping to the Encoded tag data interface is simiUar. Two encoded symbok are stored in 
an 8-oit aodress. Within these 8 bits: 

- lineO is fed into the LSB Cbit 0/4) 

- linel is fed into the next most significant LSB (bit 1/5) 

- Iinc2 is fed into the next most significant LSB (bit 2/6) 

- Iinc3 is fed into the MSB (bit 3/7) 
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ho(a«) hi(a^^)h2(a5) h^(a'^) h^{<^) hg (a^) he(a2) hyia'"') 
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bfbft 
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a 
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□ 



rs_(Sata_in(3:0) 



Figure 180. RS Encoder Implementation 



rs.data_out(3:0) 
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26.7.14 2D Decoder 



The 2D decoder is selected when TE_decode2den - 1. It operates on variable tag data only its function 
to convert 2-bits into 4-bits according to Table 131. ^' 



IS 



Table 131. Operation of 2D decoder 







00 


0001 


01 


0010 


to 


0100 


1 1 


1000 



26.7,1 5 Encoded tag data interface 



'^a^?^^ 5^ ^^^^ '^^'''^ ^ ^ i^iterfece and an encoded variable 

tag data store interface, as shown in Figure 1 8 L cawaca vanaoie 
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idAdrl 
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aiKMded tag data Inteflaca 
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tag data 
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JXltl I 
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IdAdfO 



9, idAdii 



wrAdr, 



evtdwQ. 



/ ^2 (hi bits) 
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fag data 



dataln 8 
I 
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advl^g 
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Figure 181. encoded tag data Interface 
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The two reord units simply reorder the 9 input bits to map low-order codewords into the bit selection com- 
ponent of the address as shown in Table 132. Reordering of write addresses is not necessary since the 
addresses are already in the correct format. 

Table 132. Reofd unit 







w§ 
m 








mm 


A 


select 1 of 8 codewords 


A 


select 1 of 4 codeword tables 




8 


B 




C 


0 


select 1 of IS symbols 


mn 


0 


serect 1 of 15 symbols 


E 




E 


F 




F 


G 




G 


C 


select 1 of 8 bits 




H 


select 1 of 4 bits 


H 




1 


1 



The encoded fixed data interface is a single 1 5 x 8-bit RAM with 2 read ports and 1 write port. As it is only 
written to during page setup time (it is fixed for the duration of a page) there is no need for simultaneous 
read/write access. However the fixed data store must be capable of decoding two simultaneous reads in a 
single cycle.Figure 1 82 shows the implementation of the fixed data store. 



nlAdrO : 



wf Adf ' 



eftwe I 



datain i 



r dAdfl , 




outO 



out1 



Figure 182. encoded Tixed tag data interface 

The encoded variable tag data interface is a double buffered 3 x 15 x 8-bit RAM with 2 read ports and 1 
write port. The double buffering allows one tag's data to be read (two reads in a single cycle) while the 
next tag's variable data is being stored. Write addressing is 6 bits: 2 bits of address for selecting 1 of 3» and 
4 bits of address for selecting 1 of 15. Read addressing is the same with the addition of 3 more address bits 
for selecting I of 8. 

Figure 1 83 shows the implementation of the encoded variable tag data store. Double buffering is imple- 
mented via two sub-buffers. Each time 2aLAdvTag pulse is received, the sense of which sub-buffer is being 
read from or written to changes. This is accomplished by a I -bit flag called wrsbO. Although the initial 
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advTag 




^ outO 



^ outi 



Figure 183. Encoded variable tag data interface 
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rdAdfO 



»wAdr ' 
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adr. 
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we, 
adr. 



(3x15x6 bit) 



^3, (to bits) 
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Figure 184, Encoded variable tag data sub*buffer 
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26.8 Tag Format Structure (TFS) Interface 



26.8.1 Introduction 



The TFS specifies the contents of every dot position within a tags border i.e.: 

• is the dot part of the background? 

• is the dot part of the data? 

The TFS is broken up into Tag Line Structures (TLS) which specify the contents of every dot position in a 
particular line of a tag. Each TLS consists of three tables - A, B and C (see Figure 185). 

For a given line of dots, all the tags on that line correspond to the same tag line structure. Consequently, for 
a given line of output dots, a single tag line structure is required, and not the entire TFS. Double buffering 
allows the next tag line strucnire to be fetched from the TFS in DRAM while the existing tag Une structure 
is used to render the cim-ent tag line. 

The TFS interface is responsible for loading the appropriate line of the tag format structure as the tag 
encoder advances through the page. It is also responsible for producing table A and table B outputs for two 
consecutive dot positions in the current tag line. 



31 



TE^tfsstartadr 



Tag Format Structure! 
for tag X 



The number of <lot lines 

fn a Tag - rvi^t 

l.e. TegHefghto rM-i 



f 



T^jfsendadr 



TLSXJO 



TLSX_1 



TLSXjn 



TLSX»1_0 



TLSX^-1_1 



TLS X-H_2 



TLS X+1_n 



TabteA 

24x32«itSs7Se-bitS 
<384entrtasx2<bit8) 



T abteB 

9xd2-bltsa2884)it8 
f32 ftntriftft y Q4ilte\ 



23 
24 



^ f32 entries x9^its> 32 
f 0 9 10- ^- • T - -31 



Table C 
l0-bits 

(2 entrfes x 5-blts) 



22'bjls reserved and unused 



Figure 185. Breakdown of the Tag Fonmat Structure 

There is a TLS for every dot line of a tag. 

All tags that are on the same line have the exact same TLS. 

A tag can be up to 384 dots wide, so each of these 384 dots must be specified in the TLS. 

The TLS information is stored in DRAM and one TLS must be read in to the TFS Interface for each 

line of dots that are outputted to the Tag Plane Line Buffers, 

Each TLS consists of 17 64-bits words. This is read from DRAM as 5 times 256-bit words with 192 
padded bits in the last 256*bit DRAM read. 



26.8.2 I/O Specification 

Table 133. Tag Fonnat Structure Interface Port Ust 







M^mmsmmmmm 


perk 


In 


SoPEC system dock 


prst_n 


In 


Active-low, synchronous reset in pdk domain 
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Table 133. Tag Format Structure Interface Port Lfst 



top JO 



DRAM 



I Go signal from TE top level 



diu_data(63;0] 



tflu_tfs_rack 



diu^tfs.rvalid 



tfs_dfu_rreq 



tfs_diu^radft21:5] 



tag encoder top level 



In 



In 



In 



Out 



Out 



Data from DRAM 



Data acknowledge from ORAM 



Data valid from DRAM. 



Read request to DRAM 
Read address to DRAM 



top^advtaglin e 
top.tagaJtsense 



In 

In" 



Pulsed after the last tine of a fpw of tags 



topjastdotintag 



For even tag rows = 0 l.e. 0;Z.4.. 
For odd tag rows - 1 i.e. 1.3,5„. 



In 



top.dotposvaifd 



In 



Last dot in tag Is currently being processed 



topjtagdotnum[7.-0] 



Current dot position is a tag dot and its structure data and taa data Is 
available * ^ 



In 



tfsLvaJid 



Out 



Counts from zero up to TE^tagmaxdoipaifs <min, ^l, max. = 192) 



tlsLta^dotOCl :0J 



TLS tables A, B and C. ready for use 



Out 



Even entry from Table A conesponding to top^tagdotnum 



tteUa^otl 11:01 



Out 



tag encoder top level (PCU read decoder) 



Odd entry from Table A corresponding to top.tagdotnum 



tfs_te_tfsstartadt(23:0) 



tfs_te_tfsendadr[23:0] 
tfs_ 



Out 



Out 



TPS tfsstartadr register 



TFS tfsendadr register 



-te_tfefirBtllneadr[23:03 



Out 



tfs^te,cufrtfeadfl23.'0) 
TDI 



TFS tfsfirstflneadr register 



Out 



TFS cufTtfsadr register 



tfsi,tdl,adfO[e:03 



tfeLJdL^dr1(8:0] 



Out 



Out 



Read address for dotO (even dot) 



Read address for dbtt (odd dot) 
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26.8.2.1 State machine 



The state machine is responsible for generating control signals for the various TFS tabic units, and to load 
the appropriate line from the TFS. The states are explained below. 

idle:- Wait for top^o to become active. Pulse advjfsjine for 1 cycle to reset tawradr and tbwradr regis- 
ters. Pulsing advjfsjine will switch the read/write sense of Table B so switching Table A here as well to 
keep things the same i.e. wrtaO = NOT(wrmO). 

diu_flccess:' In the diu.access state a request is sent to the DIU. Once an acic signal is received Table A 
write enable is asserted and the FSM moves to the tlsjoad state. 

tisjoad:- The DRAM access is a burst of 5 256-bit accesses, ultimately returned by the DIU as 
5*(4*64bit) words. There will be 192 padded bits in the last 256-bit DRAM word The first 12 64-bit 
words reads are for Table A, words 12 to 1 5 and some of 1 6 are for Table B while part of read 1 6 data is for 
Table C. The counter read^num is used to identily which data goes to which table. The table B data is 
stored temporarily in a 288-bit register until the tU.update state hence tbwe does not become active until 
readjium = 16). 

• The DIU data goes directly into Table A (12 ♦ 64), 

• The DIU data for Table B is loaded into a 288-bit register: 

• The DIU data goes directly into Table C. 



tls^update> The 288-bits in Table B need to written to a 32*9 buffer. The tls^update state takes care of this 
using the read^num counter. 

tls^nexn- This state checks the logic level of tfsvalidaad switches the read/write senses of Table A (wrtaO) 
and Table B a cycle later (using the advjfsjine pulse). The reason for switching Table A a cycle early is 
to niake sure the topjevel address via tagdotnum is pointing to the correct bufifer. Keep in mind the 
topjevel is working a cycle ahead of Table A and 2 cycles ahead of Table B. 

If tfsValU is 1, the state machine waits until the advTagline signal is received. When it is received, the 
state machine pulses advTFSLine (to switch read/write sense in tables A, B. C). and starts reading the next 
line of the TFS from currTFSAdr. 

If tfsValid is 0, the state machine pulses advTFSLine (to switch read/write sense in tables A. B, C) and then 
junq)s to the tls.tfevalid.set state where the signal tfsValid i& set to I (allowing the tag encoder to start, or 
to continue if it had been stalled). The state machine can dien start reading the next line of the TFS from 
currTFSAdr. 

tls_tfsvalid_next:. Simply sets the tfsvalid signal and returns the FSM to the diu^access state. 



If an advTagLine signal is received before the next line of the TFS has been read in, tfsValid is cleared to 0 
and processing continues as outlined above. 
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The TFS state flow diagram is shown in below.. 



^ idie 



too flni=^1 



tfsvaiM = T ^i^p 
top adi/taqflnft — ^ 



diu^aocess ^ 



^ tisjoad ^ 



^ tJs,update ^ 



read num = 3^ 



tis. 


next 




tfe vaKd » Q 







-^s^trsvaild^seT^ 



26.8.3 



Figure 186. TFSI FSM State Flow Diagram 
Generating a tag from Tables A. B and C 
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J^^^^^' Interpretation of bitO from entry In Table A 



the output bit comes directly from bHi (see Table ) 



Stoicmre Table B to detemiine which data bit will be output 



A when bItO = 0 



output 0 
output 1 



gSiJr^'il^'^'T^^^"^! b>t1 from entry In table A when bfto = 1 



output data bit pointed to by current index Into Tabfe B, 



output data bit pointed to by current index Into Tabte B, and advance index bvT, 



Each Table B entiy is 9-bits long and each points to a specific variable or fixed date bit for th^ tn„ Bo„k 
^^r'^lf "'T"? °' varlaSTdata bits. at^ TZ' 'Zt^S^T^l 

a« based on the RS encoded tag datL Table lists^'Ll^telS^nW the 



Table 137 Interpretation of g-blt tag data address In Table B 



CodeWordSelect 



1 of 8 codewords. 
Codewords 0. 1 . 2. 3. 4, 5 are variable data. 
Codewords 6. 7 are fixed data. 
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TaWe 137. Interpretation of 9- blt tag data address in Table B 




1^^^. to^ ^? TE m an onencoded form, the symbols derived from codeword 0 of fixed 
data are wntten to codeword 6 and the symbols derived from fixed data codeword I are written ta c^ 
word 7 The data symbols are stored fii^t and then the remaining redunZ^^bS^r^ied StT 
wards for a total of 1 5 symbols. Thus, when 5 dato symbols are us«l. the 5 syS^Sive^^m bLt l Q 

ZZ^Jtll^U '""^ ^^'^ 0-6. and the redundancy symMs are 

:iSlt?u:^r.eWo^^^^^^ 

^^m^ flxeddata to codewprd/symb ols wtien no redundancy encoding 









0-19 


0-4 


6 


20-39 


0-4 


7 


40-59 


5-9 


6 


60-79 


S-9 


7 


80-99 


10-14 


6 


100-119 


10-14 


7 



™^ — ^ mieipreianon ot bitl from Table A (when bitO » 1) is relative A 5-hit i«H**v 

Se^^S *^ "'''T ^ ^'^''^ ^ - a par^i^riy or'C tot 

S^e^i~^2^o^ ""'"^ ™»» Table B is needed. Subsequent tags on the 

Sie H ""^^'^^f^y tag at the end of a line ^11 six^Ty 

^11^^/^ tag has been rendered. The initial index required due to the rendering of a narti^ taa at 
the stert of a line « supplied by Table C. TTie initial index will be different for Sh^ L Et^L^ 
possible mrttal indexes since there an. effectively two types of rows of tagstt^InmS oST " 
I« 'iSrr*^ appropriate start index into Table B (2 5-bit indices). When rendering even rows of 

L^t" "^'^'^ ™- tags?!nTir::d' 
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26.8.4 Architecture 

A block diagram of the Tag Format Structure Interface can be seen in Figure 187. 
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Figure 187. TFS Block Diagram 
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26.8.4.1 Tablo A Interface 
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Figure 188. TabCe A interface bfock diagranT " 
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26.8.4,2 Table C interface 

A block diagram of the table C interface is shown below in Figure 190. 

tcwe datafn 
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Figure 190. Table C interface block diagram 

TJe address generator for table C contains a 5 bit address register arfr that is set to a new address at the 
^ tag (either of the two table C initial values based on iagAliSense at the start of the 

l^^T^ f K^r' Each cycle two addresses into table B are generated 

Table 139. AdrCen lookup table 
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1 X - don*( care state. 



26.B.4.3 Table B Interface 



Tlic table B interface implementation generates two encoded tag data addresses {tfsi adrO, tfsi adrl) 
"^^^ ® ""P"" ^^"'^ tbRdAdriy A block diagram of tablei can be seen in 



Figure 191. 



tbR dAdfOi 



4- 



IbRdAtfrli 
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advTF SUne i 
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datafn' 
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>adrl» 
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tabteB 
Inteif^ce 



tfsi^adrl 



Figure 191. Table B interface block diagram 

Table B da^ is iniriaUy loaded into the 288.bit table B temporary register via the TFS FSM. Once all 288- 
biS?n1b^^^° ^'''^'^ ^"""^ the data is written in 9.bit chunks to the 32*9 register arrays 

^^r/-^^^^^ pulse is received, the sense of which sub buffer is being read iiom or written to 
changes. This is accomplished by a 1-bit flag called wrtbO. Although the initial state of wrtbO is irrelevant 
It must invert upon receipt of an AdvTFSUne pulse. 

Note:- The output addresses fiom Table B are registered. 
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27 Tag FIFO Unit (TFU) 

27.1 Overview 

J!!aJu^^? "°^V^^"> P"»^^es the means by which data is transferred between the Tag Encoder (TE) 
and the.HCU By abstracting the buffeting mechanism and controls from both units, the iirterfece is clean 
between the data user and the daUgeneiaton ■uwnou: ij, eiean 

The TFU is a simple FIFO interface to the HCU. The Tag Encoder will provide support for arbitrary Y 
^ STt^t^"^ '° \ J^i ^ integ«- scaUng of the tag dot data is perfonned at the output of theRFO 
in the TFU. Thereis feedback to the TE from the TFU to allow staUing of the TE during a line. The TE 
mterfeces to the TFU with a data width of 8 bits. The TFU interfeces to the HCU with a dJa widt^ Tl Wt 
The depth of the TFU FIFO is chosen as 16 bytes so that the HFO can store a single 126 dot teg. 

27.1 .1 Inferhices between TE, TFU and HCU 



TE 



<e_tfu_»rtaia 



ts_tfu,wdala all 



tfu_te_oktowlito 
P« 



iajSvjnmtv ins 



TFU 



RFO 





.tdata . 




.avail 



HCU 



Figure 192. Interfaces between TE. TFU and HCU 

27.1.1.1 TE^TFU interface 

The interface from the TE to the TFU comprises the following signals: 

• fejtft4_wdaut, 8-bit write data. 

• t^Jtfujkvdatavalid^ write data valid. 

• te_^_wradvline, accompanies the last valid 8-bit write data in a line. 
The interface from the TFU to TE comprises the following signal: 

• tJu^te_pktowrite, indicating to the TE that there is space available in thc TFU FIFO. 

The TE writes data to the TFu FIFO as long as the TFU's tfujie^ohowrite output bit is set. The TE write 
will not occur unless data is accompanied by a data valid signal. 

27.1.1.2 TFU'HCU interface 

The interface from the TFU to the HCU comprises the following signals- 

• tju_hcu_tdata, 1 -bit data. 

• tfujicu^avaii. data valid signal indicating that there is data available in the TFU FIFO. 
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The interface from HCU to TFU comprises the following signal: 
• hcu_tju_ready, indicating to the TFU to supply the next dot. 



27.1.1.2.1 X scaling 



Siit on inX. and SFU which support non-mteger scaling, the scaling is integer only. 

Replication m the X direction is perfonned at the output of the TFU FIFO on a dot-by-dot basis 

"f*"" ^^"^ ^^^^^^-^g i« portion of a dot- 

?J?}^e^» t^^, M r r^""'.*^ "P^'"'"'^ '"'^ scale-factor number of times Jy an individ^ 

i^o^^Ljrr.r^f.e^^'^''-"^*'^^^ 

Note two SoPECTEs may be involved in producing the same byte of output tag data straddling the print- 

^ri^r'^-.^l"^ ''^^ ^^^^^ ^" ««^* fr"" i« TE the S,n«f amount of dS i^S 

^y dots m the last bj^e that do not apply to its prtothead. The TE of the right SoPEC w^^ 

^onect number of dots into the tag and its output will be byte aligned'with the lere,£ o7S^t 
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27.2 Definitions of I/O 

Table 140. TFU Port List 



Clocks and Resets 



pdk 


1 


tn 


SoPEC Functional dock. 


prst_n 


1 


In 


GIot>al reset signal. 


PCU Interface data and control s 


Ignals 


pcu_addrt3;2] 


2 


In 


PCU address bus. Only 2 bits are required to decode the 
address space for ttiis block. 


pcu.dataotit(31:0] 


32 


In 


Shared write data bus from the PCU. 


. thi-Pcu_datain(3lK)J 


32 


Out 


Read data bus from the TFU to the PCU 


pcu^rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_tfu.8er 


1 


In 


Block select from the PCU, When pcu^tfujsat is high both 
p>cu_addrand pcu^cfataout are valid. 


tfu__pcu_rdy 


1 


Out 


Ready signal to the PCU. When tfu_pcu_ntyl9 high it Indi- 
cates the last cyde of the access. For a write cyde this 
means pcu^dataout has been registered by the block and 
for a read cyde this means the data on tfu_jjcfjudata^ is 
valkl. 


1 1 interface data and control signals ' 


te_tlu_wdataf7:0] 


8 


in 


Write data for TFU FIFO. 


te.tfu.wdatavalid 


1 


In 


Write data valid signal. 


tejtfu.wradvline 


1 


In 


Advance Une signal strobed when the last byte In a line Is 
placed on te mj^wdata 


tfii.te_olctowrite 


1 


Out 


Ready signal indicating TFU has space available in Ifs FIFO 
and is ready to be written fo. 


HCU intetface ctata and control signals 


hcu_tfu_advdot 


1 


In 


Signal indicating to the TFU that the HCU is ready to accept 
the next dot of data tpom TFU. 


lftj_hcu_tdata 


1 


Out 


Data from the TFU FIFO. 


tfit.hcu.avail 


1 


Out 


Signal Indicating vaKd data available from TFU FIFO. 



27,3 



Configuration Registers 

Tabfe141. TFU Configuration Registers 




0x00 


Reset 


1 


1 


A write to this register causes a reset of 










the SFU. 










This register can be read to indicate the 










reset state: 










0 - reset In progress 










1 - reset not in progress. 
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Table 141. TFU Configuration Registeis 




0X04 



Go 



see 
text 



Setup feglstere (contlant durtng procesalng of page) 



Writing 1 to this register starts the TFU. 
Writing 0 to this register halts the TFU. 
When Go is deasserted the state- 
machines go to their idle states but all 
oounters and configuration registers keep 
their values. 

When Go Is asserted alt counters are 
reset, but configuration registers keep 
their values (i.e. they don't get reseQ, 
The TFU must be started before the TE is 
started. 

This register can be read to determine if 

the TFU Is running 

(1 = running, 0 = stopped). 



0x08 



OxOC 



0x10 



0x14 



XScafe 



XFracScale 



TEByteCount 



HCUDotCount 



12 



15 



Tag scale factor in X direction. 



Tag scale factor In X direction for the first 
dot in a line 



The number of bytes to be accepted fiom 
the TE per line. Once this number of bytes 
have been received subsequent bytes are 
Ignored until there is a strobe on the 
tB_tfu^wradvHrw 



The number of (optionally) x-scaled dots 
per One to be supplied to the HCU. Once 
this number has been reached the remaln- 
derof the current FIFO byte Is ignored. 



27.4 Detailed description 

The FIFO is a simple 16<byte store with read and write pointers, and a contents store. Figure 193. 16 bytes 
IS sufficient to store a single 1 26 dot tag. 

^^J^u '""^ TEByteCount bytes is read into the FIFO. All subsequent bytes are ignored until there 
IS a strobe on the te_tfiijwradvline signal, whereupon bytes for the next line are stored. 

On the HCU side, a total of HCUDotCount dots are produced at the output. Once this count is reached any 
niore dots m the FIFO byte cuirently being processed are ignored. For the first dot in the next line the start 
of hne scale factor, XFracScale, is used. 
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The behaviour of these signals and the control signals between the TFU and the TE and HCU is detailed 



FMbWfPtr- 



te.tfif.data 



-\r — ► tncticu.tdata 



-FMbRdPtr 



Frgure193. 16-byte FIFO In TFU 

// Concurrently Executed Code: 

// TE always allowed to write when there's either (a) room or (b) no room and all 
// bytes for that line have been received 

" LZtlS^tLl:/t"T^' (Fifocntnts Pif<.M.x ana ByteTo«x .= o„ then 

else 

tfu_te_o)ctowrite = 0 

T^:^:^'::rtoi: rtLr- ^» "~ ^ 

if (FifoCntnts !« 0> AND (BitToTx 1= 0)then 

t f u_hcu_ava i 1 a 1 
else 

tfu_hcu_avail a 0 

// Output mux of FIFO data 
tfu-.hcu_tdata « Pifo [FifoRdPntHRdBit] 

// Se<iuentiaily Executed Code: 

FifoWrPnt ♦+ 
Fif eContents -t-^ 
BytoToRx — 

if (te_tfu_wradvline »= 1) then 
ByteToRx - TEByteCount 

if <hcu_tfu_advdot == 1 and FifoCntnts != 0) then ( 
BitToTx ♦+ 

if (RepPrac i) then 
RepFrec = Xscale 
if (RdBit = 7) then 

RdBit = 0 

FifoRdPnt 

Fif eContents — 
else 

RdBitt-+ 

else 

RepPrac-- 
if(8itToTx ^= 1) then { 

RepFrac = XFracScale 

RdBit = 0 

FifoRdPnt 

Fif oContents-- 

BitToTx = HCUDotCount 

) 
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S5 



What is not detailed above is the fact that, since this is a circular buffer both th^ fifo t^a. a 

ers wrap-around to zero after they ..ach two. Also not detZfis S^^^^^^ 

the read and wnte-pointer in the same cycle, the fifo contents counter rl^Z^^^^" '"^^^ 
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28 Halftoner Compositor Unit (HCU) 

28.1 Overview 

The Halftoner Compositor Unit (HCU) produces dots for each nozzle in the destination printhead taking 
account of the page dimensions (including maigins). The spot data and tag data are received in bi-level 
form while the pixel contone data received from the CFU must be dithered to a bi-level representation The 
resultant 6 bi-level planes for each dot position on the page are then remapped to 6 output planes and out^ 
(DNC) ^ * ^"^^ ^'^^^ ^ ""^^ ^ prating pipeline, namely the dead nozzle compensator 



28.2 Data flow 



Figure 194 shows a simple dot data flow high level block diagram of the HCU. The HCU reads contone 
data frona the CFU, bi-level spot data from the SFU, and bi-level tag data from the TFU. Dither matrices 
are read from the DRAM via the DIU. The calculated output dot (6 bits) is read by the DNC 



contone RFO 
unit intertice 



ORAM 
Interfeoeunit 



control 



17 



4^ QdL. 



data 



/'a 



•8 

B 



Spot 
FIFO unit 
lnteffeC8 



tafi 
RFO unit 
interfeice 



I 



Halftoner / Composltof Unit 



dead 
no2zfe 
compensator 



Figure 194. High level block diagram showing the HCU and its external interfaces 

The HCU is given the page dimensions (including margins), and is only started once for the page. It does 
not need to -be progranmied in between bands or restarted for each band The HCU will staU appropriately 
If Its mput buffers are starved. At the end of the page the HCU will continue to produce 0 for all dots as 
long as data is requested by the units further down the pipeline (this allows later units to conveniently flush 
pipelmed data). ^ 

The HCU performs a linear processing of dots calculating the 6-bit output of a dot in each cycle. The map- 
ping of 6 calculated bits to 6 output bits for each dot allows for such example mappings as compositing of 
the spotO layer over the appropriate contone layer (typically black), the merging of CMY into K (if K is 
present m the prmthead), the splitting of K into CMY dots if there is no K in the printhead, and the cener- 
ation of a fixative output bitstream. 
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28.3 DRAM STORAGE requirements 



SoPEC allows for a number of different dither matrix configurations up to 256 bytes wide. The dither 
matrix is stored in DRAM. Using either a single or double-buffer scheme a line of the dither matrix must 
be read in by the HCU over a SoPEC line time. SoPEC must produce 13824 dots per line for A4/Letter 
printing which takes 13824 cycles. 

The following give the storage and bandwidtbs requirements/or some of the possible configurations of the 
dither matrix. 

• 4 Kbyte DRAM storage required for one 64x64 Qjreferred) byte dither matrix 

• 6.25 Kbyte DRAM storage required for one 80x80 byte dither matrix 

• 1 6 Kbyte DRAM storage required for four 64x64 byte dither matrices 

• 64 Kbyte DRAM storage required for one 256x256 byte dither matrix 

Note that regardless of the width of the dither matrix. 256 bytes are always read from DRAM for each line. 
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28.4 Implementation 

A block diagram of the HCU is given in Figure 195. 
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Figure 195. Block diagram of the HCU 
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28.4,1 Definition of I/O 

Tabic 142. riCU port fist and description 





§^ 


m 




ciocKs ana reset ■ ..^ T-i-rrrr 


pcfk 


1 1 


1 


System dock. 


prst_n 


1 1 


1 


System reset, synchronous active low. 


PCU Interftea 


pcu_hcu_sel 


1 


In 


Block select from the PCU. When pcujicu_sell& high both 
pcu^adratyd pcu dataout are vaUld, 


pcu.rwn 


1 


In 


Common read/hot-write signal from the PCU. 


pcu_adr(7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the 
address space for this block. 


pcu_.dataout(31:0] 


32 


In 


Shared write data bus from the PCU. 


hco_pcu_rdy 


1 


Out 


Ready signal to the PCU. When hcu_pcu_fdyiB high it Indicates 
the last cyde of the access. For a write cyd© this means 
pauiataout has been registered by the block and far a read 
cyde this means the data on hcu jxu data is valid. 


hcu j)cujclata(31 :0] 


32 


Out 


Read data bus to the PCU. 


OIU Interface 


nctj_dlu_rreq 


1 


Out 


HCU read request, active high. A read request must be accom- 
panied by a valid read address. 


diiL.hcu.rack 


1 


In 


Adcnowledge from OIU. acth/e high. Indicates that a read 
request has been accepted and the new read addieas can be 
placed on the address bus. hcu diu radr. 


^cu_diu_fadi(21:5] 


17 


Out 


HCU read address. 17 bits wide (256-bit afigned wofd). 


diu_hcu_rvalid 


1 


In 


Read data valid, active high. Indicates that valM read data Is 
now on the read data bus, diu data. 


diu_data{63.-0] 


^. 


.« 


Read data from DIU. 


CFU Interface — 


cfif.hcu.avai] 


1 


In 


Indicates valid data present on cfu_hcu_c(3-0]data lines. 


cfij_hcu_cOdatar7:0] 


6 


In 


Pbeel of data in contone plane 0. 


cfu.hcu.cldatap.-o] 


8 


In 


Pixel of data in contone plane 1 . 


cfu_hcu_c2ilaia(7:0] 


8 


in 


Pixel of data in contone plane 2. ~^ 


cfu_hcu_c3data(7:0] 


8 


In 


Pixel of data In contone plane 3. 


hcu.cfu.advdot 


1 


Out 


infonns the CFU that the HCU has captured the pixel data on 
cfu_hcu^cf3-0^ta lines and the CFU can now place the next 
pbcel on the data lines. 


SFU ihterfaee — 


8fuj.hcu_avail 


1 


In 


Indicates valid data present on sfujhcu_fidata. 


sfu_hcu_sdata 


1 


fn 


Bi-leveJ dot data. 


hcu.sfu_advdot 


1 


Out 


Informs the SFU that the HCU has captured the dot data on 
sfu_hcu_sdata and the SFU can now place the next dot on the 
data fine. 


TFU Interface ~ 


tfu_hcu_avaB 


1 


In 


Indicates valid data present on tfu_hcu^tdata. 


tfu_hcu_tdata 


1 


In 


Tag dot data. 
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Table 142. HCU port list and description 









hcu^tfu.advdot 


1 


Out 


informs the TFU thai the HCU has captured the dot data on 
tfu_hGu_tclata and the TFU can now place the next dot on the 
data line. 


DNC interface 


dnc_hcu_reatfy 


1 


In 


Indicates that DNC is ready to accept data from the HCU. 


hcu^dnc^avafl 


1 


Out 


Indicates valid data present on hcujtinc_data. 


hcu_dnc.data[5:0] 


6 


Out 


Output bi-level dot data In 6 ink planes. 



28.4^ Configuration Registers 

The configuration registers in the HCU are programmed via the PCU interface. Refer to section 21 .8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
HCU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
HCU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of hcujpcujtata. The configuration registers of the HCU are listed in Table 143. 



Table 143. HCU Registers 



^^^^^^ 








Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the HCU. 


0x04 


Go 


1 


0x0 


Writing 1 to this register starts the HCU. Writing 0 to 
this register halts the HCU. 
When Go is asserted all counters, flags etc. are 
cleared or given their irtitial value, but configuration 
registers keep their values. 

When Go Is deasserted the state-machines go to their 
klle states but all counters and configuration registers 
keep their values. 

The HCU should be started aHeriSne CFU, SFU. TFU, 
and DNC. 

This register can be read to determine if the HCU is 
running 

(1 = running, 0 = stopped). 


Setup registers (constant for during processing) 


0x10 


AvaflMask 


4 


0x0 


Mask used to determine which of the dotgen units etc. 
are to be checked before a dot is generated t>y the 
HCU wHhin the specified margins for ttie specified 
color plane. If the specified dotgen unit is stalled, then 
the HCU will also stall. 

See Table 1 44 for bit allocatton and definitton. 


0x14 


TMMask 


4 


0x0 


Same as AvaiiMask, txit used in the top margin area 
before the appropriate target page is reached. 


0x18 


PageMarginY 


32 


0x0000_ 
0000 


The first tine considered to be off the page. 


OxIC 


MaxOot 


16 


0x0000 


This Is the maximum dot number • 1 present across a 
page. For example if a page contains 13824 dots, 
then MaxDotvixW be 13823. 
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Table 143. HCU Registers 







M 






0x20 


TopMargin 


32 


OxOOOO_ 
0000 


Tho first line on a oaafi to be considdrad within fhA 
target page for contone and spot data. (0 s first 
printed line of page) 


0x24 


BottomMargin 


32 


0x0000^ 
0000 


The first fine in the target bottom margin for contone 
and spot data (i.e. first Une after target page). 


0x28 


LeftMargin 


16 


0x0000 


The first dot on a line within the target page for con- 
tone and spot data. 


0x2C 


RightMarg{n 


16 


OxFFFF 


The first dot on a line within the target right nr\argin for 
contone and spot data. 


0x30 


TagTopMargin 


32 


0x0000 
0000 


The first line on a page to be considered within the 
target page for tag data. (0 = first printed line of page) 


0x34 


TagBottomMargin 


32 


0x0000. 
0000 


The first line in the target bottom margin for tag data 
(I.e. first One after target page). 


0x38 


TagLeftMargin 


16 


0x0000 


The first dot on a Une within the target page for tag 

data. 


0x3C 


TagRightMargin 


16 


OxFFFF 


The first dot on a line within the target right margin for 
tag data. 


0x40 


OMReadEnable 


1 


0x0 


1 if a drther matrix is specified 
0 if a dither matrix is not specified. 


0x44 


StarlDMAdr 


17 


Ox0_ 
OOOO 


Points to the first 256-bit word of the first line of the 

<fi1hfir matrix In DRAM 


0x48 


EndDMAdr 


17 


OxO_ 
0000 


Points to the last 256-bit word of the fast line of the 

dither matrix in DRAM. 


0x4C 


Unelncrement 


5 


0x2 


The number of 256-bit words in ORAM from the start 
of one One of the dither matrix and the start of the next 
line. i.e. the value by which the DRAM address is 
incrementea at tne siart or a line so that it points to the 
start of the next line of tfie dither matrix. 


0x50 


DMInit(ndexC0 


8 


0x00 


InrtiaJ Index vyithin 256-byte dither matrix line buffer for 
contone plane 0. If using doubie-buffer scheme, only 
the 7 Isbs are used. 


0x54 


DMLwrindexCO 


8 


0X00 


ijower index within 256-byte dither matrix line buffer 
for contone plane 0. If using doubie-buffer scheme, 
only the 7 lsl>s are used. 


0x58 


OMUprinddxCO 


8 


0X3F 


Upper index within 256-byte cfither matrix line buffer 
for contone plane 0. Alter reading the data at this 
location trie index wraps to DMLwrtndexCO. If using 
double-buffer scheme, only the 7 Isbs are used. 


0x5C 


DMrnitlndexCI 


8 


0x00 


InitiaJ index within 256-byte dither matrix line buffer for 
contone picme 1. tf using doubie-buffer scheme, only 
the 7 Isbs are used. 


0x60 


DMLwrlndexCI 


8 


0x00 


Lower index within 256-t>yte dither matrix line buffer 
for contone plane 1 . If using double-lMiffer scheme, 
onfy the 7 Isbs are used. 


0x64 


DMUprindexCI 


6 


Ox3F 


Upper index within 256-byte dither matrix line tniffor 
for contone plane 1. After reacfing the data at this 
tocatfon the index wraps to OMLwrtndexCI. if using 
doubie-buffer scheme, only the 7 Isbs are used. 
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Tabre 143. HCU Registers 













0x68 


0MlnmndexC2 


8 


0x00 


Initial index within 256-byte drther matrix line buffer for 
contone plane 2. If using double4xiffer scheme, only 
the 7 Isbs are used. 




0MLwrlRdexC2 


8 


0x00 


Lower Index within 256-byte dtlher matrix line buffer 
for contone plane 2, If using double-buffer scheme, 
oniy uie f isds are usee. 


0x70 


DMUpr1ndexC2 


8 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 2. After reading the data at this 
location the Index wraps to DMLwrfndexC2. if using 
double^ffer scheme, only the 7 Isbs are used. 


0x74 


OMInltlndexCS 


8 


0x00 


Initial index within 256-byte (fither matrix line buffer for 
contone plane 3. If using doubte-buffer scheme, only 
the 7 Isbs are used. 


0x78 . 


DMLwr(ndexC3 


8 


0x00 


Lower Index within 256-byte dither matrix line buffer 
for contone plane 3. If using double-buffer scheme, 
only the 7 Isbs are used. 


Ox7C 


DMUprtndexCa 


6 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 3. After reading the data at this 
location the Index wraps to DMLwrfndexCS. If using 
double-buffer scheme* only the 7 Isbs are used. 


0x80 


DoubleLineBuf 


1 


0x1 


Selects the dither line buffer mode to be single or dou- 
t}le buffer. 


0x84 to 0x98 


lOMappingLo 


6x32 


0x0000^ 
0000 


The dot reorg mapping for output inks 0 to 5. For each 
ink's 64-bit lOMapping value, lOMapplngLo repre- 
sents the low order 32 bits. 


OxOCtoOxSO 


lOMappingHi 


6x32 


0x0000^ 
0000 


The dot reorg mapping for output Inks 0 to 5. For each 
ink's 64-bit lOMapping value, lOMappingHi represents 

the high order 32 bits. 


0x84toOxCO 


cpConstant 


4x8 


0x00 


The constant contone value to output for contone 
plane N when printing in the margin areas of the page. 
This value will typically t>e 0. 


0xC4 


sConstant 


1 


0x0 


The constant bi-level value to output tor spot when 
printing In the margin areas of the page. Thfs value 
•will typically be 0. 


0xC8 


tConstant 


1 


0x0 


The constant bi-level value to output for tag data when 
printing in the margin areas of the page. This value 

wfll typically be 0. 


OxCC 


DitherConstant 


8 


OxFF 


The constant value to use for dither matrix when the 
dither matrix Is not available, i.e. when the signal 
dm^avaitls 0. This value wifl typically be OxFF so that 
cpConstant can easily be 0x00 or OxFF without requir- 
ing a dither matrix {DitherConstant Is primarily used 
for threshold dithering In the margin areas). 


Debug registers (read onJy) 
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S5 



Table 143. HCU Registers 



^^^^ 










0x00 


KcuPortsOebug 


14 




Bitl3 = lft/_/icuLaMa// 
Bit 12 B hcujffu^advdot 
Bit 1 1 = sfuJtKujayail 
Bit 10s fKsu sfu atlydot 
Bit 9 s cfu^tfcu^avail 
Bit 8 s hcujcfu_axSytiot 
Bit 7 e dnc^hcujiBady 
Bit 6 8 hcLLdnc^Bvail 
Bits 5<0 = hcu_<U)c_data 


0x04 


HcuOotgenOebug 


15 


WA 


Bit 14 = after_top_margin 
Bit 13 = in^tag^target^page 
BH 12 o ifi_targetpage 
snu »p_^avaif 
Bit 10 = s_ava/y 
Bit 9 = cp_avajl 
Bit 6 = d(Yi_avail 
Bit 7 s aMot 

Bits 5-0 = [p,s,cp3,cp2,c(>1,cpOi 

(i.e« 6 bit input to dot reorg units) 


0xO8 


HcuOilherOebugl 


17 


N/A 


Bit 9 = advdot 

Bl! a o dm^avaii 

Bit 1 5-8 = cp 1^dither_val 

Bits 7-0 s cpOjdither_val 


OxDC 


HcuOitherOebuga 


17 


N/A 


Bit 9 s ai/vdbr 

Bn8ad>n.ai^/ 

Bit 15-8 = ep3jdfther_yal 

Bits 7-0 s ci^<Smar_ysd1 



28.4.3 Conttx>l unit 



The control unit is responsible for controlling the overall flow of the HCU. It is responsible for deteimin- 
ing whether or not a dot will be generated in a given cycle, and what dot will actually be generated - 
including whether or not the dot is in a margin area, and what dither cell values should be used at the spe- 
cific dot locatioa A block diagram of the control unit is shown in Figure 196. 

The inputs to the control unit are a number of avail flags specifying whether or not a given dotgen xinit is 
capable of supplying *real' data in this cycle. The term 'real' refers to data generated from external 
sources, such as contone line buffers, bi-Ievel line buffers, and tag plane buffers. Each dotgen unit informs 
the control unit whether or not a dot can be generated this cycle from real data. It must also check that the 
DNC is ready to receive data 

The contone/spot margin unit is responsible for determining whether the current dot coordinate is within 
the target contone/spot margins, and the tag margin unit is responsible for determining whether the current 
dot coordinate is within the target tag margins. 

The dither matrix table interface provides the interface to DRAM for the generation of dither ceil values 
that are used in the halftoning process in the contone dotgen imit 
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ok to r eadi ok to write 



cp.avafl. s _ay|tl. tp^avail 
BvalLmas*^ 



tm_mask 



9y 



lrutarget_pat<b 



in_page 



in-taa.targeupage 



5 



determine 
advdot 



rd Jic*vck>t, wr.atfvdot 



advdot 



poshionunit 



'32 > ^16 



oontone 
spot 



S2 



tag 
margin 
unit 



t 



16. 



dithef 
matrix 
table 
interface 



8 > 



hcu.dnc^vail 
— dnc_hcu_ready 



> advdot 
— maxjdot 



17, 



hcu.diu.rTeq 

— diu.hcu.facfc 
hcu.diuL.radr 

— diu_hcu_rvalkl 



64 

'y^ — diu.data 



filllSSlfi !• !■ B !. 




Figure 196. Block diagram of the control unit 



2B.4.3.1 Determine AdvDot 



The HCU does not always require contone planes, bi-Ievcl or tag planes in order to produce a page. For 
example, a given page may not have a bi-level layer, or a tag layer. In addition, the contone and bi-Ievel 
parts of a page are only required within the contone and bi-levei page mai^gins, and the tag part of a page is 
only required within the tag page margins. Thus output dots can be generated without contone, bi-level or 
tag data before the respective top margins of a page has been reached, and Os are generated for all color 
planes after the end of the page has been reached (to allow later stages of the printing pipeline to flush). 

Consequently the HCU has an AvailMask register that determines which of the various input avail flags 
should be taken notice of during the production of a page from the first line of the target page, and a 
TMMask register that has the same behaviour, but is used in the lines before the target page has been 
reached (i.e. inside the target top margin area). Each bit in the AvailMask refers to a particular avail bit: if 
the bit in the AvailMask register is set, then the corresponding avail bit must be 1 for the HCU to advance 
a dot. The bit to avail correspondence is shown in Table 144. Care should be taken with TMMask - if the 
particular data is not available after the top margin has been reached, then the HCU will stall. Note that the 
avail bits for contone and spot colors are ANDed with injtar^et ^age after the target page area has been 
reached to allow dot production in the contorie/spot margin areas without needing any data in the CFU and 
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SFU. The avail bit for tag color is ANDcd with in^tag^target^age after the target tag page area has been 
reached to allow dot production in the tag maigin areas without needing any data in the TFU. 



Table 144. Conrespondence between bit In AvailMask and avaM flag 









0 


dm^avaU 


dither matrix data available 


1 


cp^avall 


contone pixels availatjie 


2 


s_avail 


spot color available 


3 


tp.avail 


tag plane available 



Each of the input avail bits is processed with its appropriate mask bit and the after jtop_margin flag. The 
output bits are ANDed together along with Go and ok_to_write (which specifies whether the ouq)ut buffer 
is ready to receive a dot in this cycle) to form the output bit advdot. We also generate wr_advdoU In this 
way, if the output buffer is full or any of the specified avail flags is clear, die HCU will stall. When the end 
of the page is reached, in-page will be deasserted and the HCU will continue to produce 0 for all dots as 
I long as the DNC requests data. A block diagram of the determine advdot unit is shown in Fig\u« 197. 

The ok^to^read signal from the output buffer indicates that the HCU has a dot available for the DNC to 
read (indicated to the DNC by the assertion of kcu_dnc_avail). If the DNC is ready to receive the dot 
{dncjicu^ready is 1) then die dot is read from the output buffer by asserting rd_advdot. 
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J3 



irutargoLpage 



lnL.ma8k(0) 
ava(Lmask(0] 
dmAvaB 

aftBr_tap_margln 

tm_mas)((i] 
avai].jnasl<l} 
CrvtargeLpage 
cp.avair 

s.avall 

avBiLmask(2] 

flftfir_tag_top_mafQln 

tm_fnasl<3J ^ 

avaiLmasK(3] 
lnjtao.targeLpage 
lp_avaB 
oK.to.wrtB9 
• lru»fle 



Go 

oK_to_rsad 
dncjhcu^eady 




^ advdot 



wr^advdot 



^ Rl_adtfdot 



Figure 197. Block diagram of determine advdot unit 



28.4.3.2 Position unit 



The position unit is responsible for outputting the position of the current dot (curr _j}os, currjine) and 
whether or not this dot is the last dot of a line (advline). Both curr j)os and curr^line are set to 0 at reset or 
when Go transitions from 0 to 1. The position unit relies on the ixdvdot input signal to advance through the 
dots on a page. Whenever an advdot pulse is received, currjyos gets incremented. If curr _j)os equals 
max^dot then an adsfline pulse is generated as this is the last dot in a line, currjine gets incremented, and 
the curr_pos is reset to 0 to start counting the dots for the next line. 



28.4.3.3 Margin unit 



The responsibility of the margin unit is to determine whether the specific dot coordinate is within the page 
at all, within the target page or in a margin area (see Figure 1 98). This unit is instantiated for both the con- 
tone/spot margin unit and the tag margin xmit. 
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target page 

printable page area 
(physical page) 



target bottom margin 

Figure 198. Page structure 



The maigin unit takes the current dot and line position, and returns three flags. 

• the first, in^age is 1 if the current dot is within the page, and 0 if it is outside the page, 

• tile second flag, in^target_page, is 1 if the dot coordinate is within the target page area of the page, and 
0 if it is within the target top/left/bottom/right margins. 

• the third flag, aiter.top.margin, is I if the current dot is below the target top margin, and 0 if it is 
within the target top margin. 

A block diagram of the margin unit is shown in Figure 199. 



top_margIn 



batfeomuniari^*n< 



page_fnargln_y 



cunJDne 



curr.j>os 




in^ge InjargeCpaQO after.top.margin 
Figure 199. Block diagram of margin unit 



rig^-margin 



loft.margln 
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28.4.3.4 Dither matrix table Interface 



The dither matrix table interface provides the interface to DRAM for the generation of dither cell values 
that are used in the halftoning process in the contone dotgen unit The control flag dm_read_enable 
enables the reading of the dither matrix table line structure from DRAM. If dm_r^_enable is 0, die 
dither matrix is not specified in DRAM and no DRAM accesses are attempted. The dither matrix table 
interfece has an output flag dm^avail which specifies if the current line of the specified matrix is available. 
The HCU can be directed to stall when dmjayail is 0 by setting the appropriate bit in the HCU's Avail- 
Mask or TMMask registers. When dm_avail is 0 the value in the DitherConstant register is used as the 
dither cell values that are output to the contone dotgen unit. 

The dither matrix table interface consists of a state machine that interlaces to the DRAM interface, a dither 
matrix buffer that provides dither matrix values, and a unit to generate the addresses for reading the bufier. 
Figure 200 shows a block diagram of the dither matrix table interface. 



advlrns 
advdo! 

dmJwr_indQx_c{O^J 
*n-upr^lndejejc(0-3| 
OoufatoUneBuf 




end_dm_edr 
Snajncremem 

dauread_enattle 



CpO.dlther.val cpl.dftherval cp2_dither_val cp3«dlther_va! 

Figure 200. Block diagram of dither matrix table internee 



28.4.3.4.1 Dither matrix buffer 



The state machine loads dither matrix table data a line at a time from DRAM and stores it in a buffer. A 
smgle line of the dither matrix is either 256 or 128 8-bit entries, depending on the programmable bit Dou- 
bleLineBuf. If this bit is enabled, a double-buffer mechanism is employed such that while one buffer is 
read from for the current line's dither matrix data (8 bits representing a single dither matrix entry), the 
other buffer is being written to with the next line's dither matrix data (64-bits at a time). Alternatively, the 
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single buffer scheme can be used, where tiie data must be loaded at the end of the line, thus incurring a 
delay. 

The single/double buffer is implemented using a 256 byte S-port register amy, two reads, one write port, 
with the reads clocked al double the system clock rate (320MH2) allowing 4 reads per clock cycle. 
The dither matrix buffer unit also provides the mechanism for keeping track of the current read and write 
buffers, and providing the mechanism such that a buffer cannot be read from until it has been written to. In 
this case, each buffer is a line of the dither matrix, i.e. 256 or 128 bytes. 

A bit is kept for the status of each dither matrix line buffer: buff_a\^ail[OJ and buff_avaH[l], It also keeps a 
single bit (rdjmff) for the current buffer that reads are to occur fix)m, and a single bit (yvrjmff) for the cur- 
rent buffer that writes are to occur to. The output value dm^avail equals buffjavail[rdjnig]. The output 
value ok^toj^rite equals huffjxvaillvfrJmS]. Note that when using a single line buffer. buff_avaUm is 
not used 

The read addresses are byte aligned. A single ditiier matrix entry is represented by 8 bits and an entry is 
read for each of the four contone planes in parallel. When a advline pulse is received, bi^_avail[rdjmjg[j 
is cleared, and rdjmff is inverted (if using a double line buffer). " 

Data is written, 64 bits at a time to the current write buffer when diujkcu^rvalid is asserted. When WrAdr 
is OxlF and diujicu^rvalid is 1, buff_avaU[wrJmffl is set, and wrjbuffis inverted (if using a double line 
buffer). This indicates that a line of dither matrix has been written to the current write buffer and it is now 
available to be read. 

26.4.3.4.2 Read address generator 

For each contone plane there is a initial, lower and upper index to be used when reading dither cell values 
from the dither matrix double buffer. The read address for each plane is used to select a byte fiom the cur- 
rent 256-byte read buffer. When Go gets set (0 to 1 transition), or at the end of a line, the read addresses 
are set to their conesponding initial index. Otherwise, the read address generator relies on advdot to 
advance the addresses within the inclusive range ^ecified the lower and upper indices, represented by the 
following pseudocode: 

if (advdot 1) then 

if <advline «== 1) then 

Fd.adr « <3in_init_index 
elsif (r4.adr — dnuupr.index) then 

rd^adr » dnL.lw_index 
else 

rd_adr 

else 

rd_adr = rdLadr 

28.4.3.4.3 State machine 

The dither matrix is read from DRAM in single 256-bit accesses, receiving the data from the DIU over 4 
clock cycles (64-bits per cycle).The protocol and timing for read accesses to DRAM is described in sec- 
tion 20.9.1 on page 208. Read accesses to DRAM are implemented by means of the state machine 
described in Figure 20 1 . 

All counters and flags should be cleared after reset or when Go transitions from 0 to 1 . While the Go bit is 
1 , the state machine relies on the dm_read_enable bit to tell it whether to attempt to read dither matrix data 
from DRAM. When dm_read^enable is clear, the state machine does nothing and remains in the idle state. 
When dm_read_enable is set, the state machine continues to load dither matrix data, 256-bits at a time 
(received over 4 clock cycles, 64 bits per cycle), while there is space available in tiie dither matrix buffer. 
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The read address and Hnejtart^adr are initially set to start_dm_adr The read address gets incremented 
after each read access. It takes 4 or 8 read accesses to load a line of dither matrix into the dither matrix 
buffer, depending on whether we're using a single or double buffer. A count is kept of the accesses to 
DRAM. When a read access completes and accessjcount equals 3 or 7, a line of dither matrix has just 
been loaded from and the read address is updated io line^tart_adr plus linejncrement so it points to the 
start of the next line of dither matrix. (line_fitartjadr is also updated to this value). If die read address 
equals end_dmjadr then the next read address will be start_dm_adr, thus the read address wraps to point 
to the start of the area in DRAM where the dither matrix is stored. 

The write address for the dither matrix buffer is implemented by means of a modulo-32 counter that is ini- 
tially set to 0 and incremented when diu_hcu_rvalid is asserted. 
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RflsetORorst n«n 
hcu_dJu_rreq « 0 
hcu_dlu_radr b q 
access.courrt s 0 
wr_8dr e 0 

(j reset ^ 



Q02 



hcujdlu^neq = 0 
hcu_dfu_radr « hcu_dlu_radf 
access.oount accessjcount 

wr_adr a wr^adr 



< 



idle 



3 



dhi hcti rvalld «r i ANn 



af^s cniin f«,a/7 AND 



hcu dru radrf^flqrt flrtr 
*icu_dlu_rreq « o 
ticuLdiu^radr = fine_8tart_adr ♦ 

fine.8tart_adr • Una.startjBdr ^ 
Dnejncraman) 
' acoa$a_ooun] 9 0 
wrjadr ♦+ 



dm read flnablfl ^ i 
hcti_diu_rmq = 0 
hcu.diu_radi » stan^dm adr 
Une.start^dr « 8tanjdni_adr 
aocess.coum » o 
wr adr = 0 



req 



c 



> 



ok to write ^ 



hcu.dfu_freq a t 
hcu.dlu.radr s o 
aoDsss.oount = acoess^count 
wr.adr s wr.adr 



ack 



C 



dhj hcu fark ^ 
tycvijiSkj_freq « 0 
hcu_dfu_fadf o hcu^dlu radr 
accessjcount b aocess^oount 
wT_adr » wr.adr 



readl 



Bcetiss cnti nt fa 3/7 AND 



hcti diu fadr fa and dm i>Hr 



hcu.diu^rreq « O 
hcii_diu_radr « haj_diu_fa dr ♦ 1 
aoc8SS_oount -i-i- 
r_adf -»-♦• 



C 



3 



diu hcti fvalld I 
hcu_diu.freq « 0 
hcti_(fiu_fadr ■» hcu_dlu_radr 
access.count » aooess.coum 
wr_adr ++ 



rcad2 



c 



3 



diu hcu fvaliri « 1 
hcu.diu^rreq n 0 
haj.<fiu_radr o hcu_dfu__radr 
accessjcount B access.oount 
wrjadr ++ 



hcu diu fadr = 



gpd dl 



hcu.diu.rreq « 0 
hcu_diu_radr = staft_dm adr 
line.start^adr = start^dniladr 
aooasa.oount « o 
wrjadr ++ 



reads 



3 



hcti.diu.rreq « 0 
hcu_dJu_radr e hai.dlu_radr 
aocass.count « aooess.count 
wr_adf -M- 



Rgure 201. State machine to read dither miatrix table 
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28.4.4 Contone dotgen unit 

The contone dotgen unit is responsible for producing a dot in up to 4 color planes per cycle. The contone 
dotgen unit also produces a cpjavail flag which specifies whether or not contone pixels are currently avail- 
able, and the output hcujcJu_advdot to request the CFU to provide the next contone pixel in up to 4 color 
planes. 

I The block diagram for the contone dotgen unit is shown in Figure 202. 




o 
O 



hcu_dii_advdot 



cfuLhcu.cCKlata 



cfujicu,cldata 



ctu_hcu_c2dala 



cfu_hcu_c3<Jata 



cfu_hcu.avaa 



contone dolgen unit 



cpO_constant ^ ^ 



dttherunno 



cpl ^constant % ^ 



dither unit 1 



cp2_oonstant ^ 



7^ 



cTither unit 2 



cp3_c onstant ^ ^ 
► 



dither unit 3 



- advdot 

- in_target_page 



cpodot 
- cpO_cCtfief_val 



cpi dot 
- cp1_dHher.val 



^ cp2dot 
- cp2_<Sther_vaJ 



^ cp3dot 
- cp3_(Sther_val 



3iCO-3]„oonstant 
cp^avaH 



Rgure 202. Contone dotgen unit 

A dither unit provides the functionality for dithering a single contone plane. The contone image is only 
defined within the contone/spot margin area As a resiilt, if the input flag injtarget _page is 0, then a con- 
stant contone pixel value is used for the pixel instead of the contone plane. 

The resultant contone pixel is then halftoned. The dither value to be used in the halftoning process is pro- 
vided by the control data unit The halftoning process involves a comparison between a pixel value and its 
corresponding dither value. If the 8-bit contone value is greater than or equal to the 8-bit dither matrix 
value a 1 is output. If not, then a 0 is output. This means each entry in the dither matrix is in the range I- 
255 (0 is not used). 
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28.4.5 Spot dotgen unit 

The spot dotgen unit is responsible for producing a dot of bi-level data per cycle. It deals with bi*level data 
(and therefore does not need to halftone) that comes from the LBD via the SFU. Like the contone layer, 
the bi-level spot layer is only defined within the contone/spot margin area. As a result, if input flag 
in^target^Kige is 0, then a constant dot value (typically this would be 0) is used for the output dot. 

The spot dotgen unit also produces a s^avail flag which specifies whether or not spot dots are currently 
available for this spot plane, and the outptit hcu^Ju_advdot to request the SFU to provide the next bi-level 
data value. The spot dotgen unit can be represented by the following pseudocode: 

s_avail « Efu_hcu_avail 

if ( in_target_page == 1 AND advdot == 1) then 

hcu^sfu_advdot = i 
else 

hcu_8£u.advdot » 0 

if ( in.t:arget.jpage 1) then 

sp = sfu„hcu.sdata 
else 

sp B sp^constant 

28.4.6 Tag dotgen unit 

This unit is very similar to the spot dotgen unit (see Section 28.4.5) in that it deals with bi-level data, in 
this case from the TE via the TFU. The tag layer is only defined within the tag margin area. As a result, if 
input flag injtag^targetjtage is 0, then a constant dot value, ^^constant (typically this would be 0), is 
used for the output dot The tagplane dotgen unit also produces a ^_avail flag which specifies whether or 
not tag dots are currently available for the tagplane, and the output hcujtfu^advdot to request the TFU to 
provide the next bi-level data value. 

28.4.7 Dot reorg unit 

The dot reorg unit provides a means of ma^jping the bi-level dithered data, the spotO color, and the tag data 
to output inks in the actual printhead Each dot rcoig unit takes a set of 6 1-bit inputs and pnxluces a single 
bit output that represents the output dot for that color plane. 

The output bit is a logical combination of any or all of the input bits. This allows the spot color to be 
placed in any output color plane (including infirared for testing purposes), black to be merged into cyan, 
magenta and yellow (in the case of no black ink in the Memjet printhead), and tag dot data to be placed in 
a visible plane. An output for fixative can readily be generated by simply combining desired input bits. 

The dot reorg unit contains a 64-bit lookup to allow complete freedom with regards to mapping. Since all 
possible combinations of input bits are accounted for in the 64 bit lookup, a given dot reotg unit can take 
the mapping of other reorg units into account. For example, a black plane reorg unit may produce a I only 
if the contone plane 3 or spot color inputs are set (this effectively composites black bi-level over the con- 
tone). A fixative reorg unit may generate a 1 if any 2 of the output color planes is set (taking into account 
flie mappings produced by the other reorg units). 

I If dead nozzle replacement is to be used (sec section 29.4.2 on page 448), the dot reorg can be pro- 

granuned to direct the dots of the specified color into the main plane, and 0 into the other. If a nozzle is 
then marked as dead in the DNC, swapping the bits between the planes will result in 0 in the dead nozzle, 
and the required data in the other plane. 

If dead nozzle replacement is to be used, and there are no tags, the TE can be programmed with the posi- 
tion of dead nozzles and the resultant pattern used to direct dots into the specified nozzle row. If only fixed 
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background TFS is to be used, a limited number of nozzles can be replaced If variable tag data is to be 
used to specify dead nozzles, then large numbers of dead nozzles can be readily compensated for. 

The dot reorg unit can be used to average out the nozzle usage when two rows of nozzles share the same 
ink and tag encoding is not being used The TE can be programmed to produce a regular pattern (e.g. 0101 
on one line, and 1 0 1 0 on the next) and this pattern can be used as a directive as to direct dots into the spec- 
ified nozzle row. 

Each reorg unit contains a 64-bit lOMapping value programmable as two 32.bit HCU registers, and a set 
of selection logic based on the 6-bit dot input (2^ = 64 bits), as shown in Figure 203. 

Input dot 




Figure 203. Block diagram of dot reorg unit 
The mapping of input bits to each of the 6 selection bits is as defined in Table 145. 
Table 145. Mapping of input bits to 6 selection bits 









0 


bi-level dot from contone layer 0 


cyan 


1 


bi-Cevel dot from contone layer 1 


magenta 


2 


bHevel dot from contone layer 2 


yellow 


' 3 


bMevei dot from contone layer 3 


black 


4 


bhlevef spotO dot 


black 


5 


bi-level tag dot 


infra-red 
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29 Dead Nozzle Compensator (DNC) 

29.1 Overview 

The Dead Nozzle Compensator (DNC) is responsible for adjusting Memjet dot data to take account of 
non-functioning nozzles in the Memjet printhead. Input dot data is supplied from the HCU, and the cor- 
rected dot data is passed out to the DWU. The high level data path is shown by the block diagram in Figure 



ORAM 



Dead Nozde 
Data 



HCU 


rawdot ^ 


1 y 

DNC 


compensated. 


DWU 




dot ^ 



Figure 204. High level block diagram of ONC 



The DNC compensates for a dead nozzles by performing the following operations: 

• Dead nozzle removal, Le. turn the nozzle off 

• Ink replacement by direct substitution i.e. K -> K 

• Ink replacement by indirect substitution i.e.K->CMY 

• Enror diffusion to adjacent nozzles 

• Fixative corrections 

The DNC is required to efficiently support up to 5% dead nozzles, under the expected DRAM bandwidth 
allocation, with no restriction on where dead nozzles arc located and handle any fixative correction due to 
nozzle compensations. Performance must degrade gracefully after 5% dead nozzles. 

29.2 Dead nozzle identification 

Dead nozzles are identified by means of a position value and a mask value. Position information is repre- 
sented by a 10-bit delta encoded format, where the 1 0-bit value defines the number of dots between dead 
nozzle columns^ With the delta information it also reads the 6-bit dead nozzle mask (dn_mask) for the 
defined dead nozzle position. Each bit in the dn^mask corresponds to an ink plane. A set bit indicates that 
the nozzle for the corresponding ink plane is dead. The dead nozzle table format is shown in Figure 205. 
The DNC reads dead nozzle information from DRAM in single 256-bit accesses. A 10-bit delta encoding 
scheme is chosen so that each table entry is 16 bits wide, and 16 entries fit exactly in each 256-bit read. 
Using 10-bit delta encoding means that the maximum distance between dead nozzle columns is 1023 dots. 
It is possible that dead nozzles may be spaced further than 1023 dots from each other, so a null dead nozzle 
identifier is required. A null dead nozzle identifier is defined as a 6-bit dn^mask of all zeros. These null 
dead nozzle identifiers should also, be used so that: 

• the dead nozzle table is a multiple of 1 6 entries (so that it is aligned to the 256-bit DRAM locations) 



I . for a 1 0-bit delta value of < if the cucrent column /i is a dead nozzle colunui then the next dead nozzle column is given by « + + 1). 
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• the dead nozzle table spans the complete length of the line, i.e. the first entry dead nozzle table should 
have a delta from the first nozzle column in a line and the last entry in the dead nozzle table should cor- 
respond to the last nozzle column in a line. 

Note that the DNC deals with the width of a page. This may or may not be the same as the width of the 
printhead (the PHI may introduce some margining to the page so that its dot output matches the width of 
the printhead). Care must be taken when programming the dead nozzle table so that dead nozzle positions 
are correctly specified with respect to the page and printhead. 



16 bits wide 



N dead nozzle 
ootumns 




Table Entry Structure 



10-blt Delta Encode 



6-bii OnMask 



bits 15-6 



bits 5-0 



Figure 205. Dead nozzle table format 



29.3 DRAM storage and bandwidth requirement 

The memory required is largely a factor of the number of dead nozzles present in the printhead (which in 
turn is a factor of the printhead size). The DNC is required to read a 1 6-bit entry from the dead nozzle table 
for esvery dead nozzle. Table 146 shows Ae DRAM storage and average* bandwidth requirements for the 
DNC for different percentages of dead nozzles and different page sizes. 

Table 146. Dead Nozzle storage and average bandwidth lequlrements 





mm 


m 


rm 






Memory 
(KBytes) 


Bandwidth 
(bits/bycle) 


A4« 


5% 


1.4« 


0.8** 


10% 


2.7 


1.6 


15% 


4.1 


2.4 


A3^ 


5% 


1.9 


0.6 


10% 


3.8 


1.6 


15% 


5.7 


2.4 



a. Bi-Uthic printhead has 13824 nozzles per color providing full bleed printing for A4/Lctter 

b. Bi-lithic printhead has 19488 nozzles per color providing full bleed printing for A3 



1 . Average bandwidth assumes an even spread of dead nozzles. Clumps of dead nozzles may cause delays due to insufficient available 
DRAM bandwidth. These delays will occur every line causing an accumulative delay over a page. 
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c. 16 bits X 13824 nozzles x 0.05 dead 

d. (16 bits read / 20 cycles) = 0.8 bits/cycle 



29.4 



Nozzle compensation 



DNC receives 6 bits of dot information every cycle from the HCU, 1 bit per color plane. When the dot 
position corresponds to a dead nozzle column, the associated 6-bit dn_mask indicates which ink plane(5) 
contains a dead nozzle(s). The DNC first deletes dots destined for the dead nozzle. It then replaces, those 
dead dots, either by placing the data destined for the dead nozzle into an adjacent ink plane (direct substi- 
tution) or into a number of ink planes (indirect substitution). After ink replacement, if a dead nozzle is 
made active again then the DNC performs error difiusion. Finally, following the dead nozzle compensa- 
tion mechanisms the fixative, if present, may need to be adjusted due to new nozzles being activated, or 
dead nozzles being removed 



If a nozzle is defined as dead, then the first action for the DNC is to turn off (zeroing) the dot data destined 
for that nozzle. This is done by a bit-wise ANDing of the inverse of the dn^mask with the dot value. 



Ink replacement is a mechanism where data destined for the dead nozzle is placed into an adjacent ink 
plane of the same color (direct substitution, i.e. K -> Yi^xaozsiw^* or placed into a number of ink planes, the 
combination of which produces the desired color (indirect substitution, i.e. K -> CMY). Ink replacement is 
performed by filtering out ink belonging to nozzles that are dead and then adding back in an appropriately 
calculated pattern. This two step process allows the optional re-inclusion of the ink data into the original 
dead nozzle position to be subsequently error diffused. In the general case, fixative data destined for a dead 
nozzle should not be left active intending it to be later diffused. 

The ink replacement mechanism has 6 ink replacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if there are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled The output 
of the ink replacement logic is ORed with the resultant dot after dead nozzle removal. See Figure 210 on 
page 459 for implementation details. 

For example if we consider the printhead color configuration C,M,Y,K|,K2.IR and the input dot data from 
the HCU is blOl 100. Assuming that the K| ink plane and IR ink plane for this position are dead so the 
dead nozzle mask is bOOOlOl. The DNC first removes the dead nozzle by zeroing the Ki plane to produce 
blOlOOO. Then the dead nozzle mask is ANDed with the dot data to give bOOOlOO which selects the ink 
replacement pattern for K, (in this case the ink replacement pattern for Ki is configured as bOOOOlO, i.e. 
ink replacement into the K2 plane). Providing error diffusion for K2 is enabled, the output from the ink 
replacement process is bOOOOlO. This is ORed with the output of dead nozzle removal to produce the 
resultant dot blOlO 10. As can be seen the dot data in the defective Kj nozzle was removed and replaced by 
a dot in the adjacent K2 nozzle in the same dot position, i.e. direct substitution. 

In the example above the Ki ink plane could be compensated for by indirect substimtion, in which case ink 
replacement pattern for Ki would be configured as bl 1 1000 (substitution into the CMY color planes), and 
this is ORed with the output of dead nozzle removal to produce the resultant dot bl 11000. Here the dot 
data in the defective Kj ink plane was removed and placed into the CMY ink planes. 



29.4.1 



Dead nozzle removal 



29.4.2 Ink replacement 
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29.4.3 Error diffusion 



Based on the programming of the lookup table the dead nozzle may be left active after ink replacement In 
such cases the DNC can compensate using error diffusion. Error diffusion is a mechanism where dead noz- 
zle dot data is diffused to adjacent dots. 

When a dot is active and its destined nozzle is dead, the DNC will attempt to place the data into an adja- 
cent dot position. If one is inactive. If both dots arc inactive then the choice is arbitrary, and is deteimined 
by a pseudo random bit generator If both neighbor dots are already active then the bit cannot be comnen- 
sated by diffusion. 

Since the DNC needs to look at neighboring dots to determine where to place the new bit (if required) the 
DNC works on a set of 3 dots at a time. For any given set of 3 dots, die first dot received from the HOJ is 
refeired to as dot A, and the second as dot B, and the third as dot C. The relationship is shown in Figure 
206. 



n-1 



CfotA 



dotB 



dote 



direction of dot movement 



Figure 206. Set of dots operated on for error diffusion 



For any given set of dots ABC, only B can be compensated for by error diffusion if B is defined as dead. A 
1 m dot B will be diffused into either dot A or dot C if possible. If there is already a 1 in dot A or dot C 
then a 1 in dot B cannot be diffused into that dot. 

The DNC must support adjacent dead nozzles. Thus if dot A is defined as dead and has previously been 
compensated for by error diffusion, then the dot data fi^m dot B should not be diffused into dot A. Simi- 
lariy, if dot C is defined as dead, then dot data fix>m dot B should not be diffused into dot C. 

Error diffusion should not cross line boundaries. If dot B contains a dead nozzle and is the first dot in a line 
then dot A represents the last dot fix>m the previous line. In this case an active bit on a dead nozzle of dot B 
should not be diffused into dot A. Similarly, if dot B contains a dead nozzle and is the last dot in a line then 
dot C represents the first dot of the next line. In this case an active bit on a dead nozzle of dot B should not 
be diffused into dot C. 

Thus, as a rule, a 1 in dot B cannot be diffused into dot A if 

• a 1 is already present in dot A, 

• dot A is defined as dead, * 

• or dot A is the last dot in a line. 

Similarly, a 1 in dot B cannot be diffused into dot C if 

• a I is already present in dot C, 

• dot C is defined as dead, 

• or dote is the first dot in a line. 

If B is defined to be dead and the dot value for B is 0, then no con^nsation needs to be done and dots A 
and C do not need to be changed. 

If B is defined to be dead and the dot value for B is 1, then B is changed to 0 and the DNC attempts to 
place the 1 from B into either A or C: 

• If the dot can be placed into both A and C, then the DNC must choose between them. The preference is 
given by the current output from the random bit generator, 0 for "prefer left" (dot A) or 1 for •'prefer 
right" (dot C). 
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• If dot can be placed into only one of A and C» then the 1 from B is placed into that position. 

• If dot cannot be placed into either one of A or C, then the DNC cannot place the dot in either position. 
Table 147 shows the truth table for DNC error diflFdsion operation when dot B is defined as dead. 



Tabte 147. Error Diffusion Truth Table when dot B Is dead 




0 


0 


0 


X 


Ainput 


0 


C input 


0 


0 


1 


X 


Ainput 


0 


C input 


0 


1 


0 


0 


I** 


0 


C input 


0 


1 


0 


1 


Ainput 


0 


1 


0 


1 . 


1 


X 


1 


0 


C input 


1 


0 


0 


X 


A input 


0 


C input 


1 


0 


1 


X 


Ainput 


0 


C input 


1 


1 


0 


X 


Ainput 


0 


1 


1 


1 


1 


X 


Ainput 


0 


C input 



a. Output from random bit generator. Determines direction of error diffusion (0 = left, 1 = right) 

b. Bold emphasis is used to show the DNC inserted a 1 

The random bit value used to aibitrarily select the direction of difriision is generated by a 32-bit maximum 
length random bit generator. The generator generates a new bit for each dot in a line regardless of whether 
the dot is dead or not. The random bit generator can be initialized with a 32-bit programmable seed value. 

29.4.4 Fixative correction 

After the dead nozzle compensation methods have been applied to the dot data, the fixative, if present, may 
need to be adjusted due to new nozzles being activated, or dead nozzles being removed. For each output 
dot the DNC determines if fixative is required (using the FixativeRequiredMask register) for the new com- 
pensated dot data word and whether fixative is activated already for that dot. For the DNC to do so it needs 
to know the color plane that has fixative, this is specified by the FixattveAfaskI configuration register 
Table 148 indicates the actions to take based on these calculations. 



Table 148. Truth table for fixative correction 









1 


1 


Output dot as is. 


1 


0 


Clear fixative plane. 


0 


1 


Attempt to add fixative. 


0 


0 


Output dot as Is. 



The DNC also allows the specification of another fixative plane, specified by the FixativeMask2 configura- 
tion register, with FixativeMaskl having the higher priority over FtxativeMask2, When attempting to add 
fixative the DNC first tries to add it into the planes defined by FixativeMaskl. However, if any of these 
planes is dead then it tries to add fixative by placing it into the planes defined by FixativehfaskZ, 
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Note that the fixative defined by FixativeMaskl and FixativeMask2 could possibly be multi-part fixative, 
i.e. 2 bits could be set in FixativeMaskI with the fixative being a combination of both inks. 
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J3 



29.5 Implementation 

A block diagram of the DNC is shown in Figuie 207. 
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Figure 207. Block diagram of DNC 
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29.5.1 Definitions of I/O 



Table 149. DNC port list and description 







mm 




ClocKs and Resets 




pdk 


1 


In 


System Clock. 


prsun 


1 


In 


System reset, synchronous active low. 


PCU Intertece 




pcu_dnc_sel 


1 


In 


Block select from the PCU. When pcu.drKLse/ls high both 
pcu^adrand poujdataoutBMB valid. 


pcu_fwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_adr(6:2] 


5 


In 


PCU address bus. Only 5 bits are required to decode the 

address space for this t>lock. 


pcu_dataout(31 :0] 


32 


In 


Shared write data bus from the PCU. 


dnc_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dnc_j>cu_rciy\s high it indl- 
cates the last cycle of the access. f=br a write cycle this 
means pctudataoi/f has been registered by the block and for 
a read cycle this means the data on ^cj^cujdata is valid 


dnc..pcu_data[31 :0] 


32 


Out 


Read data bus to the PCU. 


DIU Interface 


dnc_diu_fTeq 


1 


Out 


DNC unit requests DRAM read. A read request must be 
accompanied by a valkt read address. 


dnc_diu_fadr[21 :5] 


17 


Out 


Read address to DIU, 256-bH word aligned. 


diu^dnciack 


1 


In 


Acknowledge from OIU that read request has been accepted 
and new read address can t>e placed on dnc^diu radr 


diu_dnc.rvalid 


1 


tn 


Read data valid, active ht^. indicates that valM read data Is 
now on the read <lata bus. diu_data. 


diu_data(63:01 


64 


In 


Read data from DIU. 


HCU Interface 


dnc_hcu_ready 


1 


Out 


Indicates that DNC Is ready to accept data from the HCU. 


hcu-.dnc_avail 


1 


In 


imficates vaPd data present on ttcu^dnc_data. 


hcu.dnc_data[5:0J 


6 


In 


Output bi-level dot data in 6 ink planes. 


DWU Interfeoe 


dwu_dnc_ready 


1 


In 


Indicates that DWU Is ready to accept data from the DNC. 


dnc_dwu_avail 


1 


Out 


Indk^tes valid data present on d/Ki,dwu_data. 


dnc_dwu.data[5.'0] 


6 


Out 


Output t)i-level dot data in 6 ink planes. 



29.5.2 Configuration registers 

The configuration registers in the DNC arc programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
DNC. Note that since addresses in SoPEC are byte aligned and die PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus arc not required to decode the address space for the 
DNC When reading a register that is less than 32 bits wide zeros should be remmed on the upper unused 
bit(s) ofdnc_pcujdata. Table 150 lists the configuration registers in the DNC. 
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Table 150. DNC configuration registers 




Control fegisters 



0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the 
DNC. 


0x04 


Go 


1 


0x0 


Writing 1 to this register starts ttie DNC. Writing 
0 to this register halts the DNC. 
When Oo is asserted all counters, flags etc. are 
cleared or given their Initial value, but configura* 
tion registers keep their values. 
When Go is deasserted the state-machines go 
to their idle states Ixit all counters and configu- 
ration registers keep their values. 
This register can be read to determine if the 
DNC is running 
(1 = running, 0 » stopped). 


Setup registers (constant during processing) 


0x10 


MaxDot 


16 


0x0000 


This is the maximum dot number - 1 present 
across a page. For example if a page contains 
13824 dots, then MaxDot vAW be 13823. 
Note that this number may or may not be the 
same as the number of dots across the print- 
head as some margining may be introduced in 
the PHI. 


0x14 


LSFR 


32 


0x0000. 
0000 


The current value of the LFSR register used as 
the 32-bit maximum length random bit genera- 
tor. 

Users can write to this register to program a 
seed value fbr the 32-bit maximum length ran- 
dom bit generator. Must not be aHls ibr taps 
implemented in XNOR form. (It is expected that 
writing a seed value vvill not occur during the 
operation of the LFSR). 

This LSFR vatue could also have a possible use 
as a random source in program code. 


0x20 


FixattveMaskl 


6 


0x00 


Defines the higher priority fixative piane<s). Bit 0 

represents the settings for plane 0. bit 1 for 

plane 1 etc. For each bit 

1 = the ink plane contains fixative. 

0 the ink plane does not contain fixative. 


0x24 


axativeMask2 


6 


0x00 


Defines the tower priority fixative piane(s). Bit 0 

represents the settings for plane 0, bit 1 for 

plane 1 etc. Used only when FixativeMaskI 

planes are dead. For each bit 

1 = the \nk plane contains fixative. 

0 s the Ink plane does not contain fixative. 


0x28 


FucativeRequiredMask 


6 


0x00 


Identifies the ink planes that require fixative. Bit 

0 represents the settings for plane 0, bit 1 for 
plane 1 etc. For each bit: 

1 = the ink plane requires fixative. 

0 the Ink plane does not require fixative (e.g. 
Ink Is self-fixing) 
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Tabte 150. DNC configuration registers 







PI 






0x30 


DnTableStartAdr 


17 


OxO_0000 


Start address of Dead Nozzle Tabte in DRAM, 
spedfied in 2S6'bft words. 


0x34 


DnTableEndAdr 


17 


0x0_0000 


End address of Dead Nozzle Table in DRAM, 
specified in 256-bit words. \.e, the location con- 
taining the last entry in the Dead Nozzle Table. 
The Dead Nozzle Table should be aligned to a 
256-bft boundary, if necessary it can be padded 
with null entries. 


0x40 • 0x54 


PlaneReptacePat- 
ternI5:0) 


6x6 


0x00 


Defines the ink replacement pattern for each of 
the 6 ink planes. PlaneReplacePaUBrr^oyt^ the 
ink replacement pattisrn fbr plane 0. PfaneRe- 
pfacePattemflJ is the ink replacement pattern 
for plane 1, etc 

For each 6^ft replacement pattern fbr a plane. 

a 1 in any bit positions indcates the alternative 
ink planes to be used tor mis plane. 


0x56 


OiffuseEnable 


6 


Qx3F 


Defines whether, after ink replacement, error 
diffUston is allowed to be performed on each 
plane. 

Bit 0 represents the settings for plane 0. bit 1 fbr 
plane 1 etc. Fbr each tit 
1 B error diffusion is enabled 
0 a error diffusion is disabled 


Debug registers ( 


read only) 


0x60 


DncOutputDebug 


6 


N/A 


Git 7 s dwujcSnc_fe3xiy 
Bit 6 o dnc_dwujavaH 
Bits SO = dncjdmijcSata 


0x64 


DncReplaceDebug 


14 


N/A 


Bit 13 = edu^iBady 
BH 12 => kujemU 
Bits 11-6 s> irujcHumask 
Bits 5-0 8 ifu^data 


0x68 


DncDiliuseDebug 


14 


N/A 


Bit 13 B dwu^dnc^ready 
Bit 12 = dnc_dwu_avaH 
Bits 11-6 = edu^dn^mask 
Bits e edu_data 
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29.5«3 Ink replacement unit 

Figure 208 shows a sub-block diagram for the ink leplacexnent unit 
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control 
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Figure 208. Sub-block diagram of ink replacement unK 



29.5.3. f Control unit 



The control unit is responsible for reading the dead nozzle table from DRAM and making it available to 
the DNC via the dead nozzle FIFO. The dead nozzle table is read from DRAM in single 256-bit accesses, 
receiving the data from the DIU over 4 clock cycles (64*bits per cycle). The protocol and timing for read 
accesses to DRAM is described in section 20.9.1 on page 208. Reading from DRAM is implemented by 
means of the state machine shown in Figure 209. 

All counters and flags should be cleared after reset. When Go transitions from 0 to 1 all counters and flags 
should take their initial value. While die Co bit is 1 , the state machine requests a read access from the dead 
nozzle table in DRAM provided there is enough space in its FIFO. 

A modulo-4 counter, rd^count, is used to count each of the 64-bits received in a 256-bit read access. It is 
incremented whenever diu_dnc_r^alid is asserted. When Go is 1, dn^table^radr is set to 
dnjtable^^tartjidK As each 64-bit value is returned, indicated by diu^dnc_rvalid being asserted, 
dn_tabie_radr is compared to dn_tabl€^end_adr. 

• If rd^count equals 3 and dnjiabie_rodr equals dnjtab!e_end^adr^ then dn_table_radr is updated to 
dnjtablejstart^adr. 

• \frd_count equals 3 and dn_table^radr does not equal dnjablej^ndjadr^ then dn^tablejradr is incre- 
mented by 1 . 

A count is kept of the number of 64-bit values in the FIFO. When diu^dnc^rvalid is I data is written to the 
FIFO by asserting zndjifouoontents zndfifojwr^adr are both incremented. 
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V/htn fifo_contentsf3:0J is greater than 0 and edujready is I. dnc_hcu_ready is asserted to indicate that 
the DNC is ready to accept dots from the HCU, If hcu^dnc^avail is also 1 then a dotadv pulse is sent to the 
GenMask unit, indicating the DNC has accepted a dot from the HCU, and iru_avail is also asserted. After 
Go is set, a single preload pulse is sent to the GenMask unit once the FIFO contains data. 

When a rd^adv pulse is received from the GenMask \Jimi,fifo^rdjadr[4:0] is then incremented to select 
the next 16-bit value. If fifojrd_adr [1:0] - 1 1 Acn the next 64-bit value is from the FIFO by asserting 
rdjsn, sndfifo_contenisf3:0J is decremented 



diut^le_jreq «» 0 ' 



dn tablo mdfi=dn tahto end adr 



AND rd count =. a 



dA.table_iTeq » 0 
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Figure 209. Dead nozzle table state machine 



29.5.3,2 Dead nozzle FIFO 



The dead nozzle FIFO conceptually is a 64-bit input, and 16-bit output FIFO to accoimt for the 64*bit data 
transfers frt)m the DIU, and the individual 16-bit entries in the dead nozzle table that are used in the Gen- 
Mask unit In reality, the FIFO is actually 8 entries deep and 64-bits wide (to accommodate two 256-bit 
accesses). 

On the DRAM side of the FIFO the write address is 64-bit aligned while on the GenMask side the read 
address is 1 6-bit aligned, i.e. the upper 3 bits are input as the read address for the FIFO and the lower 2 bits 
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are used to select 16 bits from the 64 bits (1st 16 bits read corresponds to bits 15-0, second 16 bits to bits 
31-16 etc.). 

29.5.3.3 GenMaskunit 

The GenMask unit generates the 6-bit dn^mask that is sent to the replace unit. It consists of a 10-bit delta 
counter and a mask register. 

After Go is set, the GenMask unit will receive a preload pulse from the control unit indicating the first 
dead nozzle table entry is available at the output of the dead nozzle FIFO and shoidd be loaded into the 
delta counter and mask register. A rd_adv pulse is generated so that the next dead nozzle table entry is pre- 
sented at the output of the dead nozzle FIFO. The delta counter is decremented every time a dotadv pulse 
is received. When the delta counter reaches 0, it gets loaded with the current delta value output from the 
dead nozzle FIFO, i.e. bits 15-6, and the mask register gets loaded with mask output from the dead nozzle 
FIFO, i.e. bits 5-0. A rd^adv pulse is then generated so that the next dead nozzle table entry is presented at 
the output of the dead nozzle FIFO* 

When the delta coimter is 0 the value in the mask register is output as the dn^mask, otherwise the dn_mask 
is all Os. 

The GenMask unit has no knowledge of the number of dots in a line, it simply loads a counter to coimt the 
delta fbora one dead nozzle column to the next. Thus as described in section 29.2 on page 446 the dead 
nozzle table should include null identifiers if necessary so that the dead nozzle table covers the first and 
last nozzle column in a line. 

29.5.3.4 Replace unit 

Dead nozzle removal and ink replacement are implemented by the combinatorial logic shown in Figure 
210. Dead nozzle removal is performed by bit-wise ANDing of the inverse of the dn^mask with the dot 
value. 

The ink replacement mechanism has 6 ink replacement pattOTOS, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if there are any planes where the dot is 
active but the conesponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled. 

The output of the ink replacement process is ORed with the resultant dot after dead nozzle removal. If the 
dot position does not contain a dead nozzle then the dn_mask will be all Os and the dot, hcu_dnc_data, will 
be passed through unchanged. 
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S5 



29.5.4 Error Diffusion Unit 

Figure 21 1 shows a sub-block diagram for the error diffusion unit. 
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Figure 211. Sub-block diagram of error diffusion unit 



29.5.4. f Random Bit Generator 



The random bit value used to arbitrarily select the direction of diffusion is generated by a maximum length 
32-bit LFSR. The tap points and feedbacic generation are shown in Figure 212. The LFSR generates a hew 
bit for each dot in a line regardless of whether the dot is dead or not, i.e shifting of the LFSR is enabled 
when advdot equals 1 . The LFSR can be initialised with a 32-bit progranunable seed value, random^seecL 
This seed value is loaded into the LFSR whenever a write occurs to the RandomSeed register. Note that the 
seed value must not be all Is as causes the LFSR to lock-up. 
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XNOR 



output 
bit 



Figure 212. IVIaximum length 32-bit LFSR used for random bit generation 



29.5.4.2 Advance Dot Unit 

The advance dot unit is responsible for determining in a given cycle whether or not the error diffuse unit 
will accept a dot from the ink replacement unit or make a dot available to the fixative correct unit and on to 
the DWU. It therefore receives the dwu_drtc^ready control signal from the DWU, the iru^avaii flag from 
the ink replacement unit, and generates dnc_dwu_avail and edu_ready control flags. 

Only the dwu_dnc_ready signal needs to be checked to see if a dot can be accepted and asserts edu_ready 
to indicate this. If the error difElise unit is ready to accept a dot and the ink replacement unit has a dot avail- 
able, then a ad\fdot pulse is given to shift the dot into the pipeline in the diffuse unit. Note that since the 
error diffusion operates on 3 dots, the advance dot unit ignores dwu^nc_ready initially until 3 dots have 
been accepted by the difiiise unit. Similarly dnc^dwu^avaii is not asserted until the diffuse unit contains 3 
dots and the ink replacement unit has a dot available. 
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29,5.4.3 Diffuse Unit 

The difRise unit contains the combinatorial logic to implement the tnith table from Table 147. The diffuse 
unit receives a dot consisting of 6 color planes (I bit per plane) as well as an associated 6-bit dead nozzle 
mask value. 

Error diffusion is applied to all 6 planes of the dot in parallel. Since error diffusion operates on 3 dots, the 
diffuse unit has a pipeline of 3 dots and their corresponding dead nozzle mask values. The first dot 
received is referred to as dot A, and tiie second as dot B, and the third as dot C. Dots are shifted along the 
pipeline whenever advdot is 1 . A count is also kept of the number of dots received It is incremented when- 
ever advdot is I , and wrq>s to 0 when it reaches maxjdot. When the dot count is 0 dot C corresponds to the 
first dot in a line. When die dot count is 1 dot A corresponds to the last dot in a line. 

In any given set of 3 dots only dot B can be defined as containing a dead no2zle(s). Dead nozzles are iden- 
tified by bits set in irujin_mas1c. If dot B contains a dead nozzIc(s), the corresponding bit(s) in dot A, dot 
C, the dead nozzle mask value for A, the dead nozzle mask value for C, the dot count, as well as the ran- 
dom bit value are input to the truth table logic and the dots A, B and C assigned accortiingly. If dot B does 
not contain a dead nozzle then the dots are shifted along the pipeline unchanged. 

29.5.5 Fixative Correction Unit 

The fixative correction unit consists of combinatorial logic to implement fixative correction as defined in 
Table 151. For each output dot the DNC determines if fixative is required for the new compensated dot 
data word and whether fixative is activated already for that dot. 

FixativePresent = ( (FixativeMaskl '\ FixaCiveMa8k2) & edu^data) != 0 
FixativeRequired = (FixativeRequiredMaak & edu.data} 0 

It then looks up the truth table to see whsX action, if any, needs to be taken. 



Table 151. Truth table for fixative correction 





PS' 






1 


1 


Output dot OS is. 


dnc.dwu.data as edu_dala 


1 


0 


Clear fixative plane. 


dnc^dwu^data = (edu^data) & -{RxativeMaskI | RxatjveMa8k2) 


0 


1 


Attempt to add fixa- 
tive. 


if(FixativeMask1 & DnMasic)lsO 

dnc_dwu_data s (edu.data) | (FixatlveMasfc2 & -DnMask) 
else 

dnc.dwu_.data = (edu.data) | (RxativeMaskI) 


0 


0 


Output dot as IS. 


dnc_dwu_data = edu_data 



When attempting to add fixative the DNC first tries to add.it into the plane defined by FixativeMaskL 
However, if this plane is dead then it tries to add fixative by placing it into the plaiie defined by 
FixativeMask2, Note that if both FixativeMaskI and FbcativeMask2 are both all Os then the dot data will 
not be changed. 
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30 Dotline Writer Unit (DWU) 



30.1 Overview 



The Dotline Writer Unit (DWU) receives ! dot (6 bits) of color information per cycle from the DNC. Dot 
data received is bundled into 256-bit words and transferred to the DRAM, The DWU (in conjunction with 
the LLU) implements a dot line FIFO mechanism to compensate for the physical placement of nozzles in a 
printhead, and provides data rate smoothing to allow for local complexities in the dot data generate pipe- 
line. 



ORAM 
vfaDtU 



ONC 


dot data ^ 


DWU 





dot data 



LLU 



Figure 213. High level data flow diagram of DWU in context 



30.2 Physical requirement imposed by the printhead 

The physical placement of nozzles in the printhead means that in one firing sequence of all nozzles, dots 
will be produced over several print lines. The printhead consists of 12 rows of nozzles, one for each color 
of odd and even dots. Odd and even nozzles are separated by print lines and nozzles of different colors 
are separated by Dj print lines. See Figure 214 for reference. The fust color to be printed is the first row of 
nozzles encountered by the incoming p^er. In the example this is color 0 odd, although is dependent on 
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the printhead type (see Section 35 Memjet Printhead for other printhead airangments). Paper passes under 
printhead moving downwards. 



Type 0 printhead IC 
Color 5 Even — 
Color 5 Odd — 
Color 4 Even — 
Color 4 Odd — 
Color 3 Even — 
Color 3 Odd — 
Color 2 Ever* — 
Color 2 Odd — 

• Color 1 Even — 
Colon Odd — 
Color 0 Even — 
Color 0 Odd — 
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^ 0 O 0 €) 0 
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000O00004 
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0 0 0 0 0 0 
000000000 



000000000 
OOQQOOOQ — 



Q O Q Q O Q O 
0 0 ||0 00000000 

0 0 0 0 0 O 0 0- 

20 22 24 26 2a 30 32 34 

0 0 0 4 

19 2t 23 25 

0 0 0 0 



Type 1 printhead IC 




-Shift register Older 



\ ^02=5llnes 



Paper Direction 



Note: Paper passes under printhead 

Figure 214. Printhead Nozzle Layout for conceptual 36 Nozzle bi-fithic printhead 

For example if the physical separation of each half row is SOjim equating to D,=D2=5 print lines at 
1600dpi. This means that in one firing sequence, color 0 odd nozzles will fire on dotline L, color 0 even 
nozzles will fire on dotline L-D|, color 1 odd nozzles will fire on dotline L-DpD2 and so on over 6 color 



Doc: SoPEC_hardware_desfgn 
Version: 2,3 



S3 Proprietary Document 



29 Nov 2002 
Rage 463 




SoPEC : Hardware Design 



planes odd and even nozzles. The total number of lines fired over is given as 0+5+5 +5« 0 + 1 1x5 =55. 

See Figure 2 1 5 for example diagram. 
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Rgure 215. Paper and printhead nozzles relationship (example with Di=D2=5) 

It is expected that the physical spacing of ithe printhead nozzles will be 80|mi (or 5 dot lines), although 
there is no dependency on nozzle spacing. The DWU is configurable to allow other line nozzle spacings. 



Table 152. Relationship between Nozzle color/sense and line firing 
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odd 
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even 
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even 
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odd 


L-55 
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30.3 Line rate de-coupling 

The DWU block is required to compensate for the physical spacing between lines of nozzles. It does this 
by storing dot lines in a FIFO (in DRAM) until such time as they are required by the LLU for dot data 
transfer to the printhead interface. Colors are stored separately because they are needed at different times 
by the LLU. The dot line store must store enough lines to compensate for the physical line separation of 
the printhead but can optionally store more lines to allow system level data rate variation between the read 
(printhead feed) and write sides (dot data generation pipeline) of the FIFOs. 
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S5 



LLU 

Read 

Side 



A logical representation of the FIFOs is shown in Figure 2 1 6» where N is defined as the optional number of 
extra half lines in the dot line store for data rate de-coupling. 
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Figure 216. Dot line store logical representation 



30.4 Dot line store storage requirements 

For an arbitrary page width of d dots (where d is even), the number of dots per half line is d/2. 

For interline spacing of D2 and inter-color spacing of D|, with C colors of odd and even half lines, the 
. number of half line storage is (C - I) (D2+D1) + Dl, 

For N extra half line stores for each color odd and even, the storage is given by (N ♦ C * 2). 
The total storage requirement is ((C - 1) (D2+D1) + Dl + (N ♦ C ♦ 2)) * d/2 in bits. 
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Note that when detennining the storage requirements for the dot line store, the number of dots per line is 
the page width and not necessarily the printhead width. The page width is often the dot margin number of 
dots less than the printhead width. They can be the same size for full bleed printing. 

For example in an A4 page a line consists of 13824 dots at 1600 c^i. or 6912 dots per half dot linc« To 
store just enough dot lines to account for an inter-line nozzle spacing of 5 dot lines it would take 55 half 
dot lines for color 5 odd, 50 dot lines for color 5 even and so on, giving 55+50+45... 10+5+0= 330 half dot 
lines in total. If it is assimied that N=4 then the storage required to store 4 extra half lines per color is 4 x 
12=48, in total giving 330+48=378 half dot lines. Each half dot line is 6912 dots, at 1 bit per dot give a 
total storage requirement of 6912 dots x 378 half dot lines / 8 bits = Approx 319 Kbytes. Similarly for an 
A3 size page with 19488 dots per line, 9744 dots per half line x 378 half dot lines / 8 = Approx 899 
Kbytes. 



Table 153. Storage requirement for dot line store 
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The potential size of the dot line store makes it unfeasible to be implemented in on-chip SRAM, requiring 
the dot line store to be implemented in embedded DRAM. This allows a configurable dotline store where 
unused storage can be redistributed for use by other parts of the system. 



30.5 Local buffering 

An embedded DRAM is expected to be of the order of 256 bits wide, which results in 27 words per half 
line of an A4 page, and 54 words per half line of A3. This requires 27 words x 12 half colors (6 colors odd 
and even) «* 324 x 256-bit DRAM accesses over a dotline print time, equating to 6 bits per cycle (equal to 
DNC generate rate of 6 bits per <^cle). Each half color is required to be double buffered, while filling one 
buffer the other biiffer is being written to DRAM. This results in 256 bits x 2 buffers x 12 half colors i.e. 
6144 bits in totaL 

The buffer requirement can be reduced, by using 1 .5 buffering, where the DWU is filling 128 bits while the 
remaining 256 bits are being written to DRAM. While this reduces the required buffering locally it 
increases the peak bandwidth requirement to the DRAM. With 2x buffering the average and peak DRAM 
bandwidth requirement is the same and is 6 bits per cycle, alternatively with 1.5x buffering the average 
DRAM bandwiddi requirement is 6 bits per cycle but the peak bandwidth requirement is 12 bits per cycle. 
The amount of buffering used will depend on the DRAM bandwidth available to the DWU unit. 
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x1.5 Buffering 
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Figure 217. Comparison of I.Sx v 2x buffering 
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Should the DWU fail to get the required DRAM access within the specified time, the DWU will stall the 
DNC data generation. The DWU will issue Uie stall in sufficient time for the DNC to respond and still not 
cause a FIFO overrun. Should the stall persist for a sufficiently long time, the PHI will be starved of data 
and be unable to deliver data to the printhead in time. The sizing of the dotline store FIFO and internal 
FIFOs should be chosen so as to prevent such a stall happening. 



30.6 DOTLINE DATA IN MEMORY 



The dot data shift register order in the printhead is shown in Figure 214 (the transmit order is the opposite 
of the shift register order). In the example the type 0 printhead IC transmit order is increasing even color 
data foUowed by decreasing odd color data. The type 1 printhead IC transmit order is decreasing odd color 
data followed by increasing: even color data. For both printhead ICs the even data is always increasing 
order and odd data is always decreasing. The PHI controls which printhead IC data gets shifted to. 

From this it is beneficial to store even data in increasing order in DRAM and odd data in decreasing order. 
While this order suits the example printhead, other printheads exist where it would be beneficial to store 
even data in decreasing order, and odd data in increasing order, hence the order is configurable. The order 
that data is stored in memory is controlled by setting the ColorLineSense register. 
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The dot . Older in DRAM for increasing and decreasing sense is shown in Figure 218 and Figure 219 
respectively. For each line in the dot store the order is the same (although for odd lines the numbering will 
be different the order will remain the same). Dot data from the DNC is always received in increasing dot 
number order. For increasing sense dot data is bundled into 256>bit words and written in increasing order 
in DRAM, word 0 first, then word I , and so on to word N, where N is the number of words in a line. 

For decreasing sense dot data is also bimdled into 256-bit words, but is written to DRAM in decreasing 
order, i.e. word N is written first then word N-1 and so on to word 0. For both increasing and decreasing 
sense the data is aligned to bit 0 of a word, i.e. increasing sense always starts at bit 0, decreasing sense 
always finishes at bit 0. 

Even Dot Storage In DRAM (IncreasinQ Sense) 
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Figure 218. Even dot order in DRAM (Increesing Sense, 13320 dot wide line) 



Even Dot Storage in DRAM (Decreasing Sense) 
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Figure 219. Even dot order in ORAM (Decreasing Sense, 13320 dot wide line) 

Each half color is configured independently of any other color. The ColorBaseAdr register specifies the 
position where data for a particular dotline FIFO will begin writing to. Note that for increasing sense col- 
ors the ColorBaseAdr register specifies the address of the first word of first line of the fifo, whereas for 
decreasing sense colors the ColorBaseAdr register specifies the address of last word of the first line of the 
FIFO. 

Dot data received from the DNC is bundled in 256-bit words and transferred to the DRAM. Each line of 
data is stored consecutively in DRAM, with each line separated by ColorLineInc number of words. 

For each line stored in DRAM the DWU increments the line count and calculates the DRAM address for 
the next line to store. 
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This process continues until ColorFifoSize number of lines are stored, after which the DRAM address with 
wrap back to the ColorBaseAdr address. 
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Figure 220. Ootllne FIFO data structure In DRAM 

As each line is written to the FIFO, the DWU increments the Fi/oFillLevel re^er, and as the LLU reads a 
line from the FIFO the FifoFillLevel register is decremented The LLU indicates that it has completed 
reading a line by a high pulse on the llu_dwu_fine^rd line. 

When the number of lines stored in the FIFO is equal to the MaxfVriteAhead value the DWU will indicate 
to the DNC that it is no longer able to receive data (i.e. a stall) by deasserting the dwujinc^ready signal. 

The ColorEnable register determines which color planes should be processed, if a plane is turned off, data 
is ignored for that plane and no DRAM accesses for that plane are generated. 
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30.7 Implementation 

30.7.1 Definitions of I/O 



Table 154. DWU I/O Definition 
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LLU line read. Indk^tes that the LLU has completed a line 
read. Active high. 


LLU and DWli common configuration 


dwu.Qu.cfHbsize[1 1 rOJp.-OJ 


12x8 


Out 


Indteates the number of lines in FIFO before the line 

increment will wrap around in memory. 

Bus 0.1 - Even. Odd Gne cdorO 

8us 2.3 ' Even, Odd fine cotor 1 

Bus 4.S - Even, Odd line color 2 

Bus 6 J ' Even, Odd line color 3 

Bus 8.9 - Even. Odd line color 4 

Bus 10.1 1 - Even, Odd line color S 


PCU Interface 


pcu_dwu_sel 


1 


In 


Block select from the PCU. When pot{.dwa_se/is high both 
pcujadcBPA pcujdataoutm valkj. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_adrp:2] 


6 


in 


PCU address bus. Only 6 bits are required to decode the 
address space for this block. 


pcu_dataoiit{3 1 :0] 


32 


In 


Shared write data t>u$ from the PCU. 


dwu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dwu_pcu_nty is high it indi- 
cates the last cyde of the access. For a write cycle this 
means pcujcSataout has been registered by the bkick and 
for a read cycle this means the data on dwu_pcu^data Is 
valid. 


dwu j>cu_fiata[31 :0] 


32 


Out 


Read data bus to the PCU. 


OIU Interface 


dwu_dhj_wreq 


1 


Out 


DWU requests DRAM write. A write request must be accom* 
panied by a valid write address together with valid write data 

and a write valid. 


dwu_diu.wadrf21:5] 


17 


Out 


Write address to DIU 

1 7 bits wide (256-bit aligned word) 


dlu.dwu_wack 


1 


In 


Acknowledge from DiU that write request has been 
- accepted and new write address can be placed on 
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Table 154. DWU I/O Deflnltion 









fMrnsmmmmmmwim 


dwu_diu_datat63:0] 


64 


Out 


Data from DWU to DIU 256-bit word transfer over 4 cycles 
Rrst 64-ttts is brts 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third $4-blts is bits 191 :1 28 of 256 bit word 
Fourth 64'bit$ is bits 255:192 of 256 bit word 


dwu_diu_wvalid 


1 


Out 


Signal from DWU indicating that data on dwu diu data is 
valid. 
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15 



30.7.2 DWU partition 
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Figure 221. DWU partition 



30.7.3 Configuration registers 

The configuration registers in the DWU are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
DWU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register 
reads and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



Jg;9 Nov 2002 
Page 472 



SoPEC : Hardware Design 



the DWU. When reading a register that is less than 32 bits wide zeros should be retuxned on the upper 
unused bit(s) of dwu^cujiata. Table 155 lists the configuration registers in the DWU. 



Table 15S. DWU registers descHptlon 





















Control Registers 








0x00 


Reset 


1 


0x1 


Active low synchronous reset, self de-activating. A 
write to this register will cause a DWU block reset. 


0x04 


Go 


1 


0x0 


Active high bit Indicating the DWU Is programmed 
and ready to use. A low to high transition will cause 
DWU block internal states to reset (configurBtton 
registers are not reset). 


Dot Line Store Configuration 


0x08-0x38 


Cok)rBaseAdf(11.-0] 


12x17 


0x00000 


Specifies the base address (in words) in memory 
where data from a particular half color (N) will be 
placed. 


0x3C-0x6C 


Co(orF}foSlze[11:0] 


12x8 


0x00 


Indicates the number of lines in the FIFO before 
the line increment will wrap around in memory. 
Bus 0, 1 - Even, Odd line color 0 
Bus 2,3 - Even. Odd line cotor 1 
Bus 4.5 - Even, Odd line color 2_ 
Bus 6,7 - Even, Odd One color 3 
Bus 8,9 * Even, Odd line color 4 
Bus 10.1 1 - Even, Odd line color 5 


0x70 


CotorLineSense 


2 


0x2 


Specifies whether data written to DRAM for this 
half cotor is increasing or decreasing sense 

0 - Decreasing sense 

1 - Increasing sense 

Bit 0 Defines even color sense. 
Bit 1 Defines odd color sense. 


0x74 


ColorEnable 


6 


0x3F 


Indicates whether a particular color is active or not 
When inactive no data is written to DRAM for that 
cotor. 

0- Color off 
1 - Color on 

One bit per cotor. bit 0 is CotorO and so on. 


0x78 


Ma)^riteAhead 


8 


0x00 


Specifies the maximum numt>er of lines that the 
DWU can be ahead of the U.U 


0x7C 


UneSize 


16 


0x0000 


Indicates the numt>er of dots per line* 


Woflcing Registers 


0x80 


LineDotCnt 


16 


0x0000 


Indicates the number of remaining dots In the cur- 
rent line. (Read Only) 


0x84 


RlbRULevet 


8 


0x00 


Number of lines in the FIFO, written to t)ut not 
read. (Read Only) 



A low to high transition of the Go register causes the internal states of the DWU to be reset. All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the dwu_go^pulse 
signal. 



The ColorLineInc bus specifies the niunber of addresses (in 256-bit words) between successive half lines 
in the dot line store. It is derived ft-om the LineSize register by rounding up the nearest 256-bit value. The 
same value used for all half colors. 

if (Iine_si2el7:01 1=0 ) then 

color_Line_inct7 :0J e Iine_size(15 :8] ♦ 1 
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else 

color_line_inc[7:01 = line_size[15 : 8 J ; 



30.7.4 Fifo fill level 

The DWU keeps a running total of the number of lines in the dot store FIFO. Each time the DWU writes a 
line to DRAM (determined by the DIU interface subblock and signalled via linej^f) it increments the 
fiUlevel and signals the line increment to the LLU (pulse on dwujlujine_wr). Conversely if it receives an 
active llu_dwujine_rd pulse from the LLU, the filllevel is decremented. If the filllevel increases to the pro- 
grammed max level (niax^wriie_ahea£[) then the DWU stalls and indicates back to the DNC by de-assert- 
ing the dwu_dnc_r€ady signal. 

If one or more of the DIU buffers fill, the DIU interface signals the fiU level logic via the bufjull signal 
which in turn causes the DWU to de-assert the dwu_dnc^ready signal to stall the DNC. The bufjull sig- 
nals will remain active until the DIU services a pending request from die full buffer, reducing the buffer 
level. 

The DWU does not increment the fill level until a complete line of dot data is in DRAM not just a com- 
plete line received from the DNC. This ensures that the LLU cannot start reading a partial line from 
DRAM before the DWU has finished writing the line. 

The fill level is reset to zero each time a new page is started, on receiving a pulse via the dwu _go _jmlse 
signal. 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the PifoFillLevel regis- 
ter. 
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30.7.5 Buffer address generator 
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— ► wr_ttdr(1l3:0] 



wr.doL.data 



Figure 222. Buffer address generator sub-block 



30. 7.5. 1 Buffer address generator description 

The buifer address generator subblock is responsible for accepting data from the DNC and writing it to the 
DIU buffers in the correct order. 

The buffer address and active bit-write for a particular dot data write is calculated by the buffer address 
generator based on the dot count of die current line, programmed sense of the color and the line size. 

All configuration registers should be programmed while the Go bit is set to zero, once conq)lete the block 
can be enabled by setting the Go bit to one. The transition from zero to one will cause the internal states to 
reset 

I If the color_linejsense signal for a color is one (i.e. increasing) then the bit-write generation is straight 

forward as dot data is aligned with a 256-bit boundary. So for the first dot in that color, the bit 0 of the 
wrjbit bus will be active (in buffer word 0), for the second dot bit I is active and so on to the 255* dot 
where bit 63 is active (in buffer word 3). This is repeated for all 256-bit words until the final word where 
only a partial number of bits are written before the word is transferred to DRAM. 

I If color Jtinejsense signal for a color is zero (i.e. decreasing) the bit-write generation for that color is 

adjusted by an offset calculated from the pre-programmed line length {line_^ize). The offset adjusts the bit 
write to allow the line to finish on a 256-bit boundary. For example if the line length was 400, for die first 
dot received bit 7 (line length is halved because of odd/even lines of color) of the wrjbit is active (buffer 
word 3), the second bit 6 (buffer word 3), to the 200**" dot of data with bit 0 of wrjbit active (buffer word 
0). 
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30.7.5.2 Bit-write decode 

The buffer address generator contains 2 instances of the bit-write decode, one configured for odd dot data 
the other for even. The counter (either up or down counter) used to generate the addresses is selected by 
the color Jiinejsense signal. Each block determines if it is active on this cycle by comparing its configured 
type with the current dot count address and the datajactive signal. 

The wrjbit bus is a direct decoding of the lower 6 count bits {count f 6: J J), and the DIU buffer address is 
the remaining higher bits of the counter (countfI0:7J). 

The signal generation is given as follows: 
// determine the counter to use 
if (color_line_sense == 1 ) 

count = up_cnt(10;0] 
else 

count = dn_cntC10:0] 
// determine if active, bAsed on instance type 

wr_en = datajactive & (count (0) ^ odd_even_type) // odd -1, even cQ 

// determine the bit write value 
wr_bit(63:0) « decode (count [6 : 13 > 
// determine the buffer 64-bit address 
wr_adr[3:01 » count (10:7} 

30. 7. 5. 3 Up counter generator 

The up counter increments for each new dot and is used to determine the write position of the dot in the 
DIU buffers for increasing sense data. At the end of each line of dot data (as indicated by linejin\ the 
counter is rounded up to the nearest 256-bit word boundary. This causes the DIU buffers to be flushed to 
DRAM including any partially filled 256-bit words. The counter is reset to zero if the dyini_go _pulse is 
one. 

// Up-Counter Logic 

if (dwu_jgo_pulse == 1) then ( 

up_cnt (10:03 « 0 
els if (line_fin == 1 ) then 

// round up 

if (up__cnt[8:l) 0> 
up_cnt (10:91++ 

else 

up_cnt(10:9) 

// bit-selector 

up„cnt [7:03 =0 

els if ( (dnc_dwu_avail == 1) and (dwu.dnc_ready e« 1 )) then 
up_cnt (7:01 



30.7.5.4 Down counter generator 

The down counter logic decrements for each new dot and is used to determine the write position of the dot 
in the DUI buffers for decreasing sense data. When the dwu^go^pulse bit is one the lower bits (i.e. 8 to 0) 
of the counter are reset to line size value (line^ize)^ and the higher bits to zero. The bits used to determine 
the bit-write values and 64-bit word addresses in the DIU buffers begin at line size and count down to zero. 
The remaining higher bits are used to determine the DIU buffer 256-bit address and buffer fill level, begin 
at zero and count up. The counter is active when valid dot data is present, i.e. dnc_dwujavail equals 1. 

When the end of line is detected (line Jin equals I) the counter is rounded to the next 256-bit word, and the 
lower bits are reset to the line size value. 

//Down -Counter Logic 

if (dwu_go_pulse == 1) then 
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dn_cntI8:0] = line_sizo 18 lO) 
dn_cnt(10:91 c 0 
els if {line_fin == X ) then 
// perform rounding up 
if (dn_cnt:t8:l] != 0) 

dn_cnt[l0:9)++ 
else 

dn_cnt [10:9] 
// bit-select is reset 

dn_cnt[8:0J=line_si2e[8;O) // bit select bits 
els if ( (dnc_cJwu_avail « 1) Aza> (dwu.anc.ready 1 ) ) then 
dn_cnt[8:01 — 
dn_cnt [10:91++ 



The dot counter simply counts each active dot received from the DNC. It sets the counter to line jsize and 
decrements each time a valid dot is leceived. When the count equals zero the line Jin signal is pulsed and 
the counter is reset to /ine^ize. 

The counter is reset to line_;si2e when dwu_go _j>ulse is 1. 



The DIU buffer is a 64 bit x 8 word dual port register array with bit write capability. The buffer could be 
implemented with fiip-flops should it prove more efficient 



30.7.5.5 Dot counter 



30.7.6 



DIU buffer 
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30.7.7 DIU interface 
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Figure 223. OIU Interface 8ub-blocl( 



30. 7. 7. f 0/a Interface general description 

The OIU interface detenxiines when a buffer needs a data word to be transfeiied to DRAM. It generates the 
DRAM address based on the dot line position, the color base address and the other programmed parame- 
ters. A write request is made to DRAM and when acknowledged a 256-bit data word is transferred. The 
interface determines if further words need to be transferred and repeats the transfer process. 

If the FIFO in DRAM has reached its maximum leveU or one of the buffers has temporarily filled, the 
DWU will stall data generation from the DNC. 

A similar process is repeated for each line until the end of page is reached. At the end of a page the CPU is 
required to reset the internal state of the block before the next page can be printed. A low to high transition 
of the Oo register will cause the internal block reset, which causes all registers in the block to reset with 
the exception of the configuration registers. The transition is indicated to subblocks by a pulse on 
dwu_go^jmlse signal. 
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30.7.7.2 interface controNer 
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Figure 224. Interface controller state diagram 

The interface controller state machine waits in Idle state until an active request is indicated by the read 
pointer (via the req_active signal). When an active request is received the machine proceeds to the Col- 
orSelect state to detennine which buffers need a data transfer. In the ColorSelect state it cycles through 
each color and determines if the color is enabled (and consequently the buffer needs servicing), if enabled 
it jumps to the Request state, otherwise the color^cnt is incremented and the next color is checl^ 

In the Request state the machine issuts a write request to the DIU and waits in the Request state until the 
write request is acknowledged by the DIU (diu_dwu_wack). Once an acknowledge is received the stale 
machine clocks through 4 cycles transferring 64.bit data words each cycle and incrementing the corre- 
sponding buffer read address. After transferring the data to the DIU the machine returns to the ColorSelect 
state to determine if further buffers need servicing. On the transition the controller indicates to the address 
generator {adr_update) to update the address for that selected color. 

If all colors are transferred {color^cnt equal to 6) the state machine returns to Idle, updating the last word 
flags (group Jin) and request logic {reqjupdate). 

The dyvu_diu_wvalid signal is a delayed version of the buf_rd_en signal to allow for pipeline delays 
between data leaving the buffer and being clocked through to the DIU block. 

The state machine will return from any state to Idle if the reset or the dwu _gojpulse is 1 . 
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30.7,7.3 Address generator 



The address generator block maintains 12 pointers (color^adrfj J :0J) to DRAM corresponding to current 
wnte address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for that color. The pointer used is selected by the req^sel 
bus, and the pointer update is initiated by the adr^update signal from the interface controller. 
The pointer update is dependent on the sense of the color of that pointer, the pointer position in a line and 
the Ime position in &e HFO, The programming of the cohrjbasejadr needs to be adjusted depending of 
the sense of the colors. For increasing sense colors the color Jbase^adr specifies the address of the Erst 
word of first line of the fifo. whereas for decreasing sense colors the color Jiose^adr specifies the address 
of last word of the first line of the FIFO. 

For increasing colors, the initialization value (i.e. when dwu^go^lse is 1) is the color Jbase^adr. For 
each word that is written to DRAM the pointer in incremented. If the word is the last word in a line (as 
mdicated by lastj^d firom that read pointers) the pointer is also incremented If the word is the last word in 
a line, and the line is the last line in the RFO (indicated hy Mo jsnd from die line counter) the pointer is 
reset to color Jbase^adr 

In the case of decreasing sense colors, the initialization value (i.e. when dwu _^_pulse is 1) is the 
color Jfose^adr, For each Une of decreasing sense color data the pointer starU at the Une end and decre- 
ments to die Ime start. For each word that is written to DRAM the pointer is decremented. If the word is 
the last word in a line the pointer is incremented by color Jinejnc •2 + 1. One line length to account for 
the line of data just written, and another line length for the next line to be written. If the word is the last 
word m a Ime. and the line is the last line in tfie HFO the pointer is reset to the initialization value (i e 
color Jbase_adr). 

The address is calculated as follows: 

if (dwu_flo_pulse == 1) then 

color_ad2rtll;0] = color_base_adr [11 :0n21 :5) 
els if (adr_update «= 1) Chen { 

// determine the color 

color a req_sel(3r01 

// line end and fifo wrap 

if ({f ifo_endCcolor3 1) AND (lagt_wd == 1)) then { 
// line end and fifo wrap 

color_adr( color] = color_base„adr [color] (21 :51 
) 

elsif [ last^wd == 1) then { 

// just a line end no fifo %nrap 

if (color_line_sensef color % 2] 1) .then // increasing sense 
color_adr [color] 

// decreasing sense 
^ color_adr [color] • color_adr [color] ♦ < color_line_lnc • 2) + 1 

else { 

// regular word write 

if (color.line.sense [color % 2) ==1) then // increasing sense 
color^adr [color] ++ 

// decreasing sense 

color^adr [color] -- 

) 

} 

// select the correct address « for this transfer 
dwu_diu_wadr = color_adr [re<i_sel] 
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30.7,7.4 Line count 

The line counter logic counts the number of dot data lines stored in DRAM for each color. A separate 
pointer is maintained for each color. A line pointer is tqjdated each time the final word of a line is trans- 
feired to DRAM. This is determined by a combination of adr_update and lastjwd signals. The pointer to 
update is indicated by the req^el bus. 

When an update occurs to a pointer it is compared to zero, if it is non-zero the count is decremented, oth- 
erwise the counter is reset to color Jifojsize. If a counter is zero the fifo^end signals is set high to indicates 
to the address generator block that the line is the last line of this colors fifo. 

If the dwu^o^pulse signal is one the counters are reset to color Jifo_size. 

if (dtaru_go_pulse 1} then 

line_cnt(ll:0] a color_fifo_ai2elll:0) 
elsif ((adr_updat« == 1> AND (last.wd 1)) then ( 

// deteznine the pointer, to operate on 

color e req_8el(3:0) 

// update the pointer 

if (line^cnt (color) =■ 0) then 

line.cnt (color] = color.fi£o_size (color} 

else 

line_cnt(i) — 

•} 

// count is zero its the last line of fifo 
for(isO ;i <12;i++){ 

fifo_end(i} = <line_cnt(i3 == 0) 

} 

30.7.7.5 Read Pointer 

The read pointer logic maintains tiie buffer read address pointers. The read pointer is used to determine 
which 64-bit words to read from the buffer for transfer to DRAM. 

The read pointer logic compares the read and write pointers of each DIU buffer to determine which buffers 
require data to be transferred to DRAM (pend[ll:0] bus), and which buffers are full (the bufJUll signal). 
Only enabled buffers are considered as indicated by the colorj^nable bus. 

Buffers are grouped into odd and even buffers groups. If an odd buffer requires DRAM access the 
oddjtend signals will be acthre, if an even buffer requires DRAM access the even^end signals will be 
active. If both odd and even buffers require DRAM access, the even buffers will get serviced first 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the req^active 
signal, with tixe odd_jBven_^el signal determining which group of buffers get serviced. The inter&;e con- 
troller will check the color^enable signal and issue DRAM transfers for all enabled colors in a group. 
When the transfers are complete it tells the read pointer logic to iq>date the requests pending via 
reqjupdate signal. 

The reqjsel[3:0] signal tells the address generator which buffer is being serviced, it is constructed from 
the odd^even^el signal and the color _cnt [2:0] bus from the interface controller. When data is being trans- 
ferred to DRAM the word pointer and read pointer for the corresponding buffer are updated. The req_^el 
determines which pointer should be incremented. 
// determine which buffers need updates 
for( i=0; i<12; i*+> { 

// determine if re<iuest is active, filtered by color enable 

if ( vfr_adr[ij {3:2J !« rdLadr [i] (3 :2] ) 
pend ( i ) = color_enable( i / 2 ] 

else 

pend(i] = 0 
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// determine if any enabled buffer is full 

if ((wr^adrti) 13:0] - rd_adr (i) 13:0] > > 7) AND (color_enable I i / 21 1)) then 
buf.full » 1 

) 

// Odd half colors (1,3.5,7.9,11), even half colors (0,2,4.6,8,10) 
odd_pend = ( pendtl) | pend[3J | pend(5) | pend(7] | pend[9J j pend[ll3 ) 
even^pend = ( pend(0| j pend(2) j pendf4] j pend[6] j pend(81 j pendtlOJ ) 
// fixed servicing order, only update when controller dictates so 
if (req_update == 1) then ( 

if (even.^nd == 1) then // even always first 

odd_even_sel = 0 
reggae tive = 1 
elsif (odd_pend -= 1 ) then // then check odd 
odd^even^sel « 0 
rea_active « 1 
®lse // nothing active 

od4_even_sel = 0 
req^active = 0 

) 

// selected requestor 

req„selI3:0| {color_cnt [2 ;0) , oddLeven^sel } // concatentation 

The read address pointer logic consists of 12 2-bit counters and a word select pointer. The pointers are 
reset when dwu_go^}ulse is one. The word pointer (word^ptr) is common to all buffers and is used to read 
out the 64-bit words from the DIU buflfcr. It is incremented when bu/_rd_en is active. If the word_j3tr is 3 
and lhQ.buf_rd_en is active the selected read pointer {rd_ptr[req_sel]) will be incremated. A concatena- 
tion of the read pointer and die word pointer are use to constnict the buffer read address. The read pointers 
are not reset at die end of each line. 
// determine which pointer to update 
if (dwu_go_pulse 1) then 

rd_^tr(ll:OJ » 0 

word_j>tr « 0 

elsif (buf_rd_en == 1) then { 

word_j>tr++ 

if (word_a>tr == 3 ) then 
r^Lptr Cre^^sel] 

) 

// create the address from the pointer, and word reader 
rd^adrtre<Lsel) = (rd_ptr(req_sel) ,word_ptr) // concatenation 

The read pointer block determines if the word being read from the DIU buffers is the last word of a line. 
The buffer address generator indicate the last dot is being written into the buffers via the line Jin signal. 
When received the logic marks the 256-bit word in the buffers as the last word. When the last word is read 
from the DIU buffer and transferred to DRAM, the flag for that word is reflected to the address generator. 

// line end set the flags 
if (dwu_go_pulse == 1) then 

last_flagCl:C3 (1:0] = 0 
elsif (line_fin == 1 ) then 

// determines the current 256-bit word even been written to 

last_flag[0) [wr_adrC01 {2] 1 ==1 // even group flag 

// determines the current 256-bit word odd been written to 

last_flag(X) (wr_adr[lj [2] ) =1 // odd group flag 
// last word reflection to address generator 
last_wd = last_flagtod4_even_sel] Crdj>tr(re<L.8el) ion 
// clear the flag 
if (group_fin 1 ) then 

last_flag(odd_even_selJ frd_ptr Creq^sel) (01 ) « 0 

When a complete line has been written into the DIU buffers (but has not yet been transferred to DRAM), 
the buffer address generator block will pulse the line Jin signal. The DWU must wait until all enabled 
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buffers arc transferred to DRAM before signaling the LLU that a complete line is available in the dot line 

store (dwujlujine^wr signal). When the line Jin is received all buffers will require transfer to DRAM. 

Due to the arbitration, the even group will get serviced first then the odd. As a result the line finish pulse to 

the LLU is generated from the last Jlag of the odd group. 

// must be odd, odd group cransfer complete and the last word 

dwu_llu_line_wr a odd.even^sel AND group_f in AND last^wd 
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31 Line Loader Unit (LLU) 



31.1 Overview 



The Line Loader Unit (LLU) reads dot data from the line buffers in DRAM and structures the data into 
even and odd dot channels destined for the same print time. The blocks of dot data are transferred to the 
PHI and then to the printhead. Figure 225 shows a high level data flow diagram of the LLU in context. 
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Figura 225. High level data flow diagram of LLU in context 



31 .2 Physical requirement imposed by the printhead 

The DWU re-orders dot data into 12 separate dot data line FIFOs m the DRAM, Each FIFO corresponds to 
6 colors of odd and even data. The LLU reads the dot data line FIFOs and sends the data to the printhead 
interfece. The LLU decides when data should be read from the dot data line HFOs to correspond with the 
time that the particular nozzle on the printhead is passing the current line. The intetaction of the DWU and 
LLU with the dot line FIFOs compensates for the physical ^read of no2zles firing over several lines at 
once. For further explanation see Section 30 Dotlinc Writer Unit (DWU) and Section 32 PrintHead Inter- 
face (PHI). Figure 226 shows the physical relationship of nozzle rows and the line time the LLU starts 
reading from the dot line store. 
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Figure 226. Paper and printhead nozzles relationship (example with D^^02^5) 
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Within each line of dot data the LLU is required to generate an even and odd dot data stream to the PHI 
block. Figure 227 shows the even and dot streams as they would map to an example bi-lithic printhead. 
The PHI block determines which stream should be directed to which printhead IC. 
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Figure 227. Printhead structure and dot generate order 
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31.3 Dot GENERATE AND TRANSMIT ORDER 

The structure of the printhead ICs dictate the dot tiansmit order to each printhead IC. The LLU reads data 
ftom the dot line FIFO, generates an even and odd dot stream which is then re-ordered (in the PHI) into the 
tran^nit ord^ for transfer to the printhead. 

DWU sqsarates dot data into even and odd half lines for each color and stores them in DRAM. It can 
store odd or even dot data in increasing or decreasing order in DRAM, The order is programmable but for 
descriptive purposes assume even in increasing order and odd in decreasing orden The dot order structure 
in DRAM is shown in Figure 219. 

The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of odd or even dots. The dot order may be increasing or decreasing depending on how the DWU 
was programmed to write data to DRAM. An example of the even and odd dot data streams to DRAM is 
shown in Figure 228. In the example the odd dot generator is configured to produce odd dot data in 
decreasing order and the even dot generator produces dot data in increasing order. 

The PHI block accepts the even and odd dot data streams and reconstructs the streams into transmit order 
to the printhead. 

The LLU line size refers to the page width in dots and not necessarily the printhead width. The page width 
is often the dot margin number of dots less than the printhead width. They can be the same size for full 
bleed printing. 
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Figure 228. Dot data generated and transmitted order 



31.4 LLU START-UP 



At the start of a page the LLU must wait for the dot line store in DRAM to fill to a configured level (given 
by FifoReadThreskold) before starting to read dot data. Once the LLU starts processing dot data for a page 
it must continue until the end of a page, the DWU (and other PEP blocks in the pipeline) must ensure there 
is always data in the dot line store for the LLU to read, otherwise the LLU will stall, causing die PHI to 
stall and potentially generate a print error. The FifoReadFhreshold should be diosen to allow for data rate 
mismatches between the DWU write side and the LLU read side of the dot line FIFO. The LLU will not 
generate any dot data until FifoRecLdThreshold level in the dot line FIFO is reached 

Once the FifoReadThreskold is readied the LLU begins page processing, the FifoReadThreskold is 
ignored from then on. 

When the LLU begins page processing it produces dot data for all colors (although some dot data color 
may be null data). The LLU compares the line count of the cuzrent page, when the line count exceeds the 
ColorRelLine configured value for a particular color the LLU will start reading from that colors FIFO in 
DRAM, For colors that have not exceeded the ColorRelLine value the LLU will generate null data (zero 
data) and not read from DRAM for that colon ColorRelLine [N] specifies the number of lines separating 
the N!^ half color and the first half color to print on that page. 

For the example printhead shown in Figure 226, color 0 odd will start at line 0, the remaining colors will 
all have null data. Color 0 odd will continue with real data until line 5, when color 0 odd and even will 
contain real data the remaining colors will contatu null data. At line 10, color 0 odd and even and color 1 
odd will contain real data, with remaining colors containing null data. Every 5 lines a new half color will 
contain real data and the remaining half colors null data until line 55, when all colors will contain real 
data. In the example ColorRelLine fOJ ColorRelLine fJJ =0. ColorRelUne[2] =*15. ColorRelLine [3 J 
=10.. etc. 
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It is possible to turn off any one of the color planes of data (via the CohrEnable register), in such cases the 
LLU will generate zeroed dot data information to the PHI as nonnal but will not read data from the 
DRAM. 



31.4.1 LLU bandwidth requirements 



The LLU IS required to generate data for feeding to the printhead interface, the rate required is dependent 
on the pnnthead constniction and on the line rate configured. The maximum data rate the LLU can pro- 
duce is 12 bits ofdot data per cycle, but the PHI conges at I2bitsperMfcttcycle(2/3pc/*rate) ie 8 
hits pet pclk cycle. TTierefore the DRAM bandwidth requirement for a double buffered LLU is 8 bits per 
eye e on average. If 1.5 buffering is used then the peak bandwidth requirement is doubled to 16 bits per 
tycle but the average remains at 8 bits per cycle. Note that while the LLU and PHI could produce data at 
the 8 bits per cycle rate, the DWU can only produce data at 6 bits per cycle rate 
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31.5 Implementation 

31.5.1 LLU partition 
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Figure 229. LLU partition 



31 .5.2 Definitions of I/O 

Table 156. LLU I/O definition 











Clocks and Resets 


pdk 


1 


In 


System dock 


prst_n 


1 


In 


System reset, synchronous active low 


PHI Interface 
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Table 1S6. LLU VO definition 











llu_phLdataC1:0][5:0) 


2x6 


Out 


Dot Data from LLU to the PHi, each bK is a ooior plane 5 downio 0. 
Bus 0 - Even dot data stream 
Bus 1 - Odd dot data stream 

Data is active when corresponding bit Is active in itu _phi_avaU bus 


phUlu.ready[1^] 


2 


In 


Indicates that PHI is ready to accept data from the LLU 

0 * Even dot data stream 

1 - Odd dot data stream 


ltu^Lavajt[1:0] 


2 


Out 


Indicates valid data present on corresponding Uu_phtddta. 
0 - Even dot data stream 








1 - Odd dot data stream 


D1U fnterface 


llu_diu_rreq 


1 


Out 


LLU requests ORAM read. A read request must be accompanied 
by a valid read address. 


nu_diu_ra(lr{21 5] 


17 


Out 


Read address to DIU 

17 bits wide (256-bit aligned word). 


diujlu_rack 


1 


In 


Acknowledge from DIU that read request has been accepted and 
new read address can be placed on /fi/.d&/./adr 


diu_data(63:0] 


64 


In 


Data from DIU to LLU. Each access is 256-blt5 received over 4 
dock cycles 

First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 1 27:64 of 256 bit word 
Third 6443its is bits 191:128 of 256 bit word 
Fourth 64-bits Is bits 255:1 92 of 256 bit word 


diu.nu.rvalid 




In 


Signal from OtU telling LLU that valid read data is on the diujd&ta 
bus 


OWU Interface 


dwu_flujine_wr 




In 


DWU line write. Indicates that the DWU has completed a full line 
write. Active high 


|]u_dwujine_rd 




Out 


LLU line read. Indk»tes that the LUJ has completed a line read. 
Active high. 


dwu.1lu_cfltosize[1 1:0](7:0] 


12x8 


In 


Indicates the number of lines in the FIFO before the fine increment 
will wrap around in memory. 


PCU Interface 


pcu.Uu.8el 




In 


Block select from the PCU. When pcu_JvusBl\& high tx>th pcu^aOr 
and pcu^dataoutaxe valid. 


pcu.rwn 




In 


Common read/not-write signal from the PCU. 


pcu.adrfTra] 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this btock. 


pcu_dataout[31:0] 


32 


In 


Shared write data bus from the PCU. 


llu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When Uu_pcu_^rayls high it indtoates the 
last cyde of the access. For a write cycle this means pcujdataout 
has been registered by the block and for a read cycle this means 
the data on ttu^pcu^data is valid. 


llu.pcu.data[31 :0] 


32 


Out 


Read data bus to the PCU. 



31.5.3 Configuration registers 

The configuration registers in the LLU are prognmuned via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 



Doc: SoPEC_hardwaro_desrgn 
Version: 2.3 



S3 Proprietary Document 



^ Nov 2002 
Page 489 



SoPEC : Hardware Design 



LLU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
LLU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of llu^jfcu^data. Table 157 lists the configuration registers in the LLU- 



Table 157« LLU registers descrrption 




Control Registeis 



0x00 


Reset 


1 


0x1 


Active low synchronous reset, self de-acttvattng. A 
write lo this register wID cause a LLU block reset 


0x04 


Go 


1 


0x0 


Active high bit indicating the LLU is programmed and 
ready to use. A low to high transition wfll cause LLU 
btock internal states to reset 


Conflguratton 




0x08-0x38 


Color8aseAdrt11:0] 


12x17 


0x0000 
0 


Specifies the tmse address Cm words) in memory 
where data from a particular half color (N) win be 
placed. 


Ox3C 


ColorEnable 


6 


0x3F 


Indicates whether a particular color is active or not. 
When inactive no data is written to ORAM for that 
color. 

0 - Coior off 

1 • Color on 

One bit per color, bit 0 is Color 0 and so on. 


0x40 


UneSize 


16 


0x0000 


indicates the number of dots per line. 


0x44 


FtfoReadThreshold 


8 


0x00 


Specifies the number of lines that shotid be In the 
RFO before the LLU starts reading. 


0x48-0x78 


CoIorRelUne[11K)] 


12x8 


0x00 


Specifies the relative number d ines to %vait from the 
first before starting to read dot data from tfte corre- 
sponding dot data FIFO 
Bus 0.1 - Even. Odd line cotor 0 
Bus 2.3 - Even. Odd line cofor 1 
Bus 4.5 - Even. Odd line cotor 2 
Bus 6.7 - Even. Odd line cotor 3 
Bus 8,9 - Even, Odd line color 4 
Bus 10,11- Even, Odd line cotor 5 


Worldng Registers 


0x7C 


RfoRllLevei 


8 


0x00 


Number of lines in the dot line FIFO, line written in but 
not read out (Read Only) 



A low to high transitioa of the Go register causes the internal states of the LLU to be reset. All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the //u_go ^Ise 
signal. 

The ColorLineInc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store, is used to determine when a half line of data is read from DRAM, It is derived from 
the LineSize register by rounding up the nearest 256-bit value. The same value used for all half colors, 
if <line_sizer7:01 !=0 ) then 

color_line_inc[7s0J = line_size(15 :8) ♦ 1 
else 

color_l ine_inc [7:0] =1 ine_a izeClS:8}? 
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31 .5.4 Dot generator 




dot_avail 



y- — V dot_data 



Figure 230. Dot generator RTL Diagram 



The dot generator block is responsible for reading dot data fix>in the DIU buffers and sending the dot data 
in the correct order to the PHI block. The dot generator waits for llujzn signal from the fifo fill level block, 
once active it starts reading data from the 6 DIU buffers and generating dot data for feeding to the PHI. 

In the LLU there are two instances of die dot generator, one generating odd data and die other generating 
even data 

At any time the ready bit from die PHI could be de-asserted, if this happens the dot generator will stop 
generating data» and wait for the ready bit to be rc-asseited. 

31.5.4,1 Dot count 

In normal operation the dot counter will wait for die llu^en and the ready to be active before starting to 
count. The dot count wiD produce data as long as the phijlu^ready is active. If the pMJlu^ready signal 
goes low the count will be stalled. 

The dot counter increments for each dot that is processed per line. It is used to detennine the hne finish 
position, and the bit select value for reading firom the DIU buffers. The counter is reset after each line is 
processed {line Jin signal). It determines when a line is finished by comparing the dot count with the con- 
figured line size divided by 2 (note diat odd numbers of dots will be rounded down). 

// define the line finiah 
I if (dot_cntri4:0] line_aize(15: X) }then 

line_fin = 1 
else 

line_£in = 0 
// determine if word is valid 

dot_active = ( (llu_en == 1) AND (phi_llu_roady 1) and (buf.aip ««= 0») 
// counter logic 
if (llu_go_pulse == 1) then 
dot_cnt = 0 

elsif ((dot_active == 1>AND (line_fin == 1)) then 

dot_cnt « 0 
elsif (detractive 1) then 

<3ot_cnt a dot_cnt ♦ l 
else 

dot_cnc = dot_cnt 
// calculate the word select bits 
bit_selCS:01 := dot_cnt(5:0] 
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The dot generator aJso maintains a read buffer pointer which is incremented each time a 64-bit word is 
processed. The pointer is used to address the correct 64-bit dot data word within the DIU buffers. The 
pointer is reset when Uu^o^ulse is I. Unlike the dot counter the read pointer is not reset each line but 
rounded up the nearest 256-bit word. This allows for more efficient use of the DIU buffers at line iinish. 

// read pointer logic 
if ( llu.go_pulse 1) then 
readL-Adr = 0 

elsif (( dot_active == I) AND (dot^cnt CSsO] = 63 ) ) then 

reac^adr // normal increnant 

elfile <( do tractive 1) AND (line_fin »= 1 ) ) then { 
// special end of line case 
if (dot_cntt7:0I J= O) then 

read_adrl3:2) // end of line round up 

rea4.adr(l:0J = 0; 

} 

31.5.5 Fifo fill level 

The LLU keeps a running total of the number of lines in the dot line store FIFO. Every time the DWU sig- 
nals a line end idwujlujine_wr active pulse) it increments the fiilleveL Conversely if the LLU detects a 
line end Qine^rd pulse) ^efilUevel is decremented and the line read is signalled to the DWU via the 
llu^dwujtine^rd signal. 

The LLU fill level block is used to determine when the dot line has enough data stored before the LLU 
should begin to start reading. The LLU at page start is disabled It waits for the DWU to write lines to the 
dot line FIFO» and for the fill level to increase. The LLU remains disabled until the fill level has reached 
the programmed threshold {fifo_r€ad_thres). When the threshold is reached it signals the LLU to start pro- 
cessing the page by setting llu_en high. Once the LLU has started processing dot data for a page it will not 
stop if the filllevel falls below the threshold 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the FifoFillLevel regis- 
ter. The CPU must toggle the Go register in the LLU for the block to be coirecdy initialized at page start 
and the fifo level reset to zero. 

if <llu_go_pulse 1) then 
filllevel = O 

elsif ((line_rd == 1> AND (dwu_llu_line_vr ==1)) then 

//do nothing 
elsif (line_rd == X) then 

filllevel -- 
elsif (dwu_llu_line_wr == 1) then 

filllevel 

// determine the threshold, and set the LLU going 
if (llu^o_pulse 1) then 
llu_€n = 0 

elsif (filllevel «= f ifo^jread^threshold > then 
llu_en = 1 
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31.5.6 DJU interface 
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Figure 231. DIU interface 

3i,5.e,1 DIU interface description 

The DIU interface block is responsible for determining when dot data needs to be read from DRAM, keep- 
ing the dot generators supplied with data and calculating the DRAM read address based on configured 
parameters, FIFO fill levels and position in a line. 

The fill level block enables DIU requests by activating nu_en signal. The DIU interface controller then 
issues requests to die DIU for the LLU buffers to be filled with dot line data (or fill the LLU buffers with 
null data without requesting DRAM access, if required). 

At page start the DIU interface determines which buffers should be filled with null data and which should 
request DRAM access. New requests are issued until the dot line is completely read from DRAM. 
For each request to the DRAM the address generator calculates where in the DRAM the dot data should be 
read from. The color^enable bus determines which colors are enabled, the interfece never issues DRAM 
requests for disabled colors. 
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31.5.6.2 Interface controller 
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Data3: Data word 3 transfer 



.Update- 1 



DataO 



3 



wrtLAUl - -cotar_startJcotor_pr«J 



Ufa Ifu rftfafl«to»f Oft ma nuii=,1 



^ Data1 ^ 



_ -1 

wr_nuU - -oalorjBtar1[oolorjent| 



-color_$tarllcotor_cnt) 



dfa Bu t%ftl\kUm\ OR WW milfa»1 



DataS ^ 



writa.en* 1 

wr_mid > -coior_vtart(colorjBni] 



Figure 232. Interface controller state diagram 

The interface controller co-ordinates and issues requests for data transfers frona DRAM. The state machine 
waits in Idle state until it is enabled by the LLU controller {llu_jen) and a request for data transfer is 
received from the write pointer block. 

When an active request is received (req^active equals 1) the state machine jiunps to the ColorSelect state 
to determine which colors (color^cnt) in the group need a data transfer. A group is defined as all odd col- 
ors or all even colors. If the color isn't enabled {color^enable) the count just increments, and no data is 
transfeired. If the color is enabled, the state machine takes one of two options, either a null data transfer or 
an actual data transfer from DRAM. A null data transfer writes zero data to the DIU buffer and docs not 
issue a request to DRAM. 

The state machine determines if a null transfer is required by checking the color _Jtart signal for that color. 

If a null transfer is required the state machine doesn't need to issue a request to the DIU and so jumps 
direcdy to the data transfer states (DataO to Data3). The machine clocks through the 4 states each time 
writing a null 64-bit data word to the buffer. Once complete the state machine returns to the ColorSelect 
state to determine if further transfers are required. 

If the color_^st€trt is active then a data transfer is required. The state machine jumps to the Request state 
and issue a request to the DIU controller for DRAM access by setting llu^diu^rreq high. The DIU 
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responds by acknowledging the request (diujlu^ack equals 1) and then sending 4 64-bit words of data. 
The transition from Request to DataO state signals the address generator to update the address pointer 
{adr_update). The state machine clocks through DataO to DataS states each time writing the 64-bit data 
into the buffer selected by the reqjsel bus. Once complete the state machine returns to the ColorSelect 
state to determine if further transfers are required 

When in the ColorSelect state and all data transfers for colors in that group have been serviced (i.e. when 
color_cnt is 6) the state macy ne will return to the Idle state. On transition it will update the word counter 
logic {word_jdec) and enabled the request logic {reqjupdate). 

A reset or llu_go^ulse set to 1 will cause the state machine to jump directly to Idle. The controller will 
remain in Idle state until it is enabled by the LLU controller via the llu^en signal. This prevents the DIU 
attempting the fill the DIU buffers before the dot line store FIFO has filled over its threshold level, 

3f. 5.6.3 Color activate 

The color activate logic maintains an absolute line count indicating the line number currently being pro- 
cessed by the LLU. The counter is reset when the llu^o^mlse is 1 and incremented each time a line^rd 
pulse is received. The count value (Jine^cni) is used to determine when to start itsading data for a color. 

The count is implemented as follows: 
if ( llu_go_pulse == 1) then 

linemen t - 0 
elsif ( line_rd == 1) then 

line_cnt 

The color activate logic compares line count with the relative line value to determine when the LLU 
should start reading data from DRAM for a particular half colon It signals the interface controller block 
which colors are active for diis dot line in a page (via iht color^tart bus). It is used by the interfecc con- 
troller to determine which DIU buffers require null data. 

Once die color^tort bit for a color is set it cannot be cleared in the normal page processing process. The 
bits must be reset by the CPU at the end of a page by transitioning the Co bit and causmg a pulse on the 
llu^oj)ulse signal. 

Any color not enabled by the color_enable bus will never have its color_start bit set. 

for <i=0; i<X2;i4^4-}{ 

if ( Ilu_go_pulse 1> then 

col.on[i] « 0 
elBif ( color.enoble[i % 6) ==: 1 ) then 

col_onCi) » 0 
elsif ( line_cnt ««= color_rel_line [i] ) then 

col_onti] = 1 

} 

// select either odd or even colors 

if { odd_even_sel «= 1 ) then // odd selected 

color_start (5:01 = {col^on [11], col_on [93/ col_on [7 J , col.on C 5) , col_on (3 1 , col.on H ) ) 

// even selected 

color^start(5:0J = (col^on (10] , col_onC83 , col.ontS) ,col_on(4 j , col_onC2 J .col_on(01 } 



3i.5.$.4 Address generator 

The address generator block maintains 12 pointers {color_adr[1 1:0]) to DRAM corresponding to current 
read address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for the color. The pointer used is selected by the reqjsel 
bus, and the pointer update is initiated by the adrjupdate signal from the interface controller. 
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The pointer update and pointer initialization is dependent on the pointer position in a line and the line posi- 
tion in the FIFO. 

When a llu_go^ulse is received the pointers are each initialized to the coixcsponding base address for that 
color {color Jyase^adrl For each word that is read from DRAM the pointer is incremented If the woixi is 
the last word in a line ilast_,wd equals 1) and the last line in the fifo {fifo^end equals 1) then the address 
pointer is re-initialized to the base address value. The pointer is incremented for all other words. 

The address is calculated as follows: 
// reset to base address 
if <llu_go_pulse == 1) then 

color_«drCll:0] = color_base_adrtll :0) [21:5J 
elsif { adr.update == 1) then 

if (re<Lsel NULL ) then 
//do nothing 

elsif (<fifo_end 1)AND (last^vid «° 1)) then 

color_adr(re<i_selJ = color_base_adr (req_sel] [21 iSJ 

else 

color_adr(re<L.sell // normal increment 

// select the address pointer 
llu_diu_radr » color^adr treQ_sel J 



31.5.6.5 Line pointer 

The line pointer logic counts the number of dot data lines read from DRAM for each color. The counter 
value is used to signal the fifo wrap point to the address generator logic. A separate counter is maintained 
for each color. 

The end of a line can be determined when the address is updated (adrjupdate equal 1) and the word trans- 
ferred is the last word of a line Qast^wd equal I). The line pointer that needs to be updated is selected by 
the req^el bus from the write pointer block. If the selected pointer is zero the counter is reset to the corre- 
sponding colorJifo_fiize value, otherwise the counter is decremented. 

If the llu_go^ulse signal is high the counters are reset to its corresponding color Jifo^size value. When 
the counter is zero it sets ihcfifo_end bit to signal the address generator that the fifo has wrapped (to 
update the address pointer accordingly). 

if (llu_go_pulse == i) then 

line_j)t[ll: OJ = color_f if o^size ( 11 :0 J 
elsif ( (adr_update «== 1) AND (last_wd « 1)) then { 

if (line_pt Creq^sel] == 0) 

line_pt[req_sel| o color.f ifo_size[req_sel3 

else 

1 ine_pt I req_sel 1 — 

) 

// select the correct line pointer for con^rison 
fifo^end « (line_pt [ line^pt) 0) 

31.5,6,5 Write pointer 

The write pointer logic maintains the buffer write address pointers, determines when the DIU buffers need 
a data transfer and signals when the DIU buffers are empty. The write pointer determines the address in the 
DIU buffer that the data should be transferred to. 

The write pointer logic compares the read and write pointers of each DIU buffer to determine which buff- 
ers require data to be transferred from DRAM (pendflLOJ bus), and which buffers are empty (the 
buf^emp signals). Only enabled buffers arc considered as indicated by the color^enable bus. 
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Buffers are grouped into odd and even buffers, if an odd buffer requires DRAM access the oddoend sig- 
nals will be active, if an even buffer requires DRAM access the evenjyend signals wiU be active If botii 
odd and even buffer require DRAM access, the even buffers will get serviced first. 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the req^active 
signal, with the odd^evenjsel signal determining which group of buffers get serviced. The interface con- 
troller will check the color^enable signal and issue DRAM transfers for all enabled colors in a group 
When tiie transfers are complete it tells the write pointer logic to update the request pending via 
req_update sigoBl. r & 

The req^seip. OJ signal tells tfie address generator which buffer is being serviced, it is constructed from 
die odd^fiven^el signal and the coior^cntf2:0J bus from Ae interface controller. When data is being trans- 
ferred to DRAM the word pointer and write pointer for tfie corresponding buffer are updated. The f^qsel 
determines which pointer should be incremented. 

The write pointer logic operates the same way regardless of whether the transfer is null or not. 

// determine which buffers need updates 
for( isC; i<12; i<^+) { 

// determine if re<juest ifi active, filtered by color enable 
if ( wr^adrtij (3:21 == r4_«dr t i J [3 :2) ) 

pend(i] « 1 
else 

pendCi] = 0 
// determine if any enabled buffer is einpty 

if (<wr_adrti)(3:0] == rd_adr [ i] (3 :0J > AND (color.enableti / 2] == 1)) then 
buf^empti] = 1 

) 

// Odd half colors (1,3,5,7,9,11), even half colors (0,2,4,6,8,10) 
odd_pend - ( pendtl) | pend(3) | pendtS) | pendC?) | pend[9] | pendtll) ) 
even_pend = ( pendlO) | pend(2] | pendC4) | pend{6j | pend(8] | pendllO] ) 
// fixed servicing order, only ui>date when controller dictates so 
if (re<i_update «e x) then { 

if (even^end == 1) then // even always first 

odd_even^ael = 0 

req_active = 1 
elsif (odd_pend 1 ) then // then check odd 

odd_even.8el « 0 

re^active = 1 

// nothing active 

odd^evei^sel = 0 
req^active = 0 

} 

// selected requestor 

req_sel£3:0] = {color_cnt[2:0I ,odd_even_sel> // concatentation 

The write address pointer logic consists of 12 2-bit counters and a word select pointer. The counters are 
reset when llu_go^lse is one. The word pointer (word^tr) is common to all buffers and is used to write 
64-bit words into the DIU buffer. It is incremented when buf_rd_en is active. If the word _ptr is 3 and the 
buf_rd_en is active the selected write pointer (wr^trfreq^elj) will be incremented. A concatenaHon of 
the wnte pointer and the word pointer are use to construct the buffer write address. The write pointers are 
not reset at the end of each line. 

// determine which pointer to update 
if (buf_wr_en == 1) then ( 

wr_adr (req^sel ) -f -f 

*^_entreq_selj = 1 

} 
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// determine which pointer to update 
if (llu_go_pulse == 1) then 

vr_ptr[ll:0] «= 0 

word_j)tr a o 
elsif (buf_rd_en == 1) then { 

word_Ptr+'*> 

if (word_ptr 3 ) then 
wr_j) t r f req_ae a ) ♦ + 

) 

// create the address from the write pointer and word pointer 
wr^adr(re<i_selj = {wrj)trrre<a_sel) . wordj>tr) // concatenation 



S5 



31.5.6.7 Word count 



The word count lo»c maintains 2 counters to track the number of words transfened from DRAM per line 
one comter for odd date, and one counter for even. On receipt of a Uu_go^e. the counters arc initial- 

^A,^ •'^ - ?L-''^ "'i''"™''"^ ^ Wh«» » «««P °f W)ids are transferred to 

DRAM as mdrcated by the m,rd.dec signal from the interface controller, the concsponding counter is 

bSST^ir^ O^dd^r " "'"'^ odd_even^el signal from the wite pointer 

When a ojunter is zero the tor_wd signal for that group (le. odd or even) is set. The las: W signal indi- 
ces to tte address g^enUor that the next word transferred from DRAM for the corresponding cdor is the 
last word m the Ime. When the last word actuaDy gets tiansfeired die interface controlleTvrill pulse the 
wrd_dec signal causmg the corresponding word count to reset to the color Jinejnc value. 

// determine which counter to decrement 
if (llu_go_pulso == 1) then 

wor<J_cnt(OJ = color_lin«!_inc // odd count 

word_cnttlJ = color_lln«_inc // even count 
elsif <wor<.dec 1) then { // „««d to decre»ent one word counter 

if <word_cnttodd_even_eelI == 0) then // line finish «:<»unter 

word_cntIodd_even_8elJ = color_line_inc 

else 

word_cnc Iodd_even_sel ) — 

} 

// select the correct Che last_wd 
last_wd = (wor4_cnttodd_even_8el] •« 0) 

The word count logic also determines when a complete line has been read from DRAM, it then signals the 

f ^if! , 1 ^ ^ f^'* /«e_«f signal) that a complete line has been re^ the 

LLU (llu_dwu_hne_rd). ^ 

// line finish logic 

if (llu_go_j>ulse == 1) then 

line^fin = 0 

line_rd = 0 

elsif ((last_.wd 1) AND (line.fin =. 0) AND (word.dec =- 1 > ) then 
line_fxn - 1 // fi^g^. ^^y^^ laet^wd finish pulse 

lrne_rd =0 

elsif (dast.wd 1) AND (line_fin =^ 1) AND (word^dec == 1 ) ) then 
ine.frn - 0 // second group last^wd finish pulse 

Aine_ra =1 
else 

line„£in = line_fin // stay the same 

line_rd = 0 
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32 PrintHead Interface (PHI) 



32.1 Overview' 



TTie Prmthead interface (PHI) accepts dot data from the LLU and transmits the dot data to the printhead 
using the pnnthead interface mechanism. The PHI generates the control and timing signals necessary to 
load and dnve the bi-hthic printhead. The CPU determines the line update rate to the prin^ad and iZsts 
the hne sync frequency to produce the maximum print speed to account for the printhead IC's size ratio 
and inherent latencies in the syncing system across multiple SoPECs. 

The PHI also needs to consider the order in which dot data is loaded in the printhead. This is dependent on 
&e oonsmiction of the printhead and the relative sizes of printhead ICs used to create the printhead. See 
Bi-uthic Prmthead Reference document for a complete description of printhead types [10]. 

^""J^^Z"^ real-time process. Once the printing process has started, the next Printline's data 
must be tiansfened to the printhead before the next line sync pulse is njccived by the printhead. Otherwise 
the pnntmg process will terminate with a buffer undenun mor. 

I^lc^^c"" ^ '^^^^J" '"'^ " printhead IC with or without synchronization to other 

SoPECs. For «ample the Pm could drive ;a single IC printhead fre. a printhead constucted with one IC 
only), or dual IC prmthead with one SoPEC device driving each printhead IC. 

^"I^, interiace provides a mechanism for the CPU to directly control the PHI interface pins, allowine 
the CPU ID access the bi-lithic printhead to; ^ 

• detehnine printhead temperature 

• test for and determine dead nozzles for each printhead IC 

• initialize each printhead IC 

• pre-heat each printhead IC 

Figure 233 shows a high level data flow diagram of die PHI in context. 




BHRhic Printhead 
Figure 233. High level data flow diagram of PHI in context 



SSlS??^-''^'^''^'*-'''''^" ®^ P«>prietary Document Jgg Nov 2002 
Page 499 



SoPEC : Hardware Design 



32.2 Printhead modes of operation 

The printhead has 4 different modes of operations (although some modes are re-used). The mode of oper- 
ation IS defined by the state of the output pios phLlsyncl and phi_readl. As both printhead ICs are driwn 
by the same signals both printhead ICs must be in the same mode of operation. The modes of operation are 
denned m Table 158. 



Table 158. Printhead modes of operation 



KISS 








NORMAL 


1 


1 


N/A 


Normal print mode, dot data is cfocked Into the prinl- 
hcad shift register, on each fafling edge of phLsfCtk 


OOr^LOAD/ 
RREJNIT 


1 


0 




Dot Load Mode, data stored in the dot shift register is 
iioiiaioiicfu muj me aoi laicn on trie tailing edge of 
phLtsynd, eufid latched in on the rising edge of 
phljsynct 




Rre load mode. Rarameter tor generating fire pattern 
are loaded into generator, data on phi_ph_data[1:0][0] 
is dodced into the generator on each risina edge of 
phLfrcfk 


TEST_MODE 


0 


0 




Dot Load Mode, data stored in the dot shift register is 
transferred into the dot register on the rising edge of 
phfjsynd, identical to DCTT^LOAD 




The printhead is in test mode, the tennperature delta 
signia is docked out of the printhead on the rising of 
frdk through phi_ph^data[7:0][1] 
The resuH of the nozzle test is docked out of the print- 
head through ptU^h t$at^1:0][0] 


FIRE_QEN 


0 


1 


N/A 


The nozzle test drcuit is reset 

CMOS testing mode, the dot shift register is scanned 

out of the printhead on the falling edge of phLsfdk. 

Data Is output on phLph_aatal1:0]{l:0} 

The initialised generator creates the fire pattern and 

fihift select pattern, and the pattern is docked into the 

fire shift register and select shift register on the rising 

edge of phLMk 



32.3 Data rate equauzation 



The LLU can generate dot data at the rate of 12 bits per cycle, where a cycle is at the system clock fre- 
quency, fa order to achieve the target print rate of 30 sheets per minute, the printhead needs to print a line 
every 100|« (calculated from 300mm @ 65.2 dots/mm divided by 2 seconds — 100(isec) For a 7 3 con- 
structed pnnftead this means that 9744 cycles at 106Mhz is quick enough to transfer the dot data. The 
mput FIFOs are used to de-couple the read and write clock domains as well as provide for differences 
between consume and fill rates of the PHI and LLU. 

NOTdnally the system clock (pclk) is run at leOMhz and the printhead interface clock (phiclk) is at 
luoMnz. 

If the PHI was to transfer, data at the full printhead interface rate, the transfer of data to the shorter print- 
head IC would be completed sooner than the longer printhead 2C. While in itself this isn't an issue it 
requires that the LLU be able to supply data at the maximum rate for short duration, this requires uneven 
bursty access to DRAM which is undesirable. To smooth the LLU DRAM access requirements over time 
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the PHI transfers dot data to the printhead at a pre-programmed rate, proportional to the ratio of the shorter 
to longer printhead ICs. 



Wtthout Rata equalization (7:3 head) 







lOOusec 










A 


phLteynd [J 






LT" 


phi_ph_data(0lI1:0l 


\ \ 






pW_ph_dataI1]I1:01 






n 


phi_srclk[0] 






i m 











With Rate equalization (7:3 head) 
phi.laynd |J 



phij)h.<iata[0][l:0]- 
phljJh^datallHlK)] 
phLsrdk[0| 

phLsfclk[1j' 



IT" 
_□ 



f 



n 



Figure 235. Printhead data rate equalization 

The printhead data rate equalization is controlled by PrintHeadRatefI:OJ registers (one per printhead IC). 
The register is a 16 bit bitm^ of active cloclc cycles in a 16 clock cycle window. For example if the regis- 
ter is set to OxJFFFF then the output rate to the printhead will be full rate, if it's set to OxFOFO then the out- 
put rate is 50% where there is 4 active cycles followed by 4 inactive cycles and so on. If the register was 
set to 0x0000 the rate would be 0%. The relative data transfer rate of the printhead can be varied from 0- 
100% with a granularity of 1/16 steps. 



Table 159. Example rate equalization values for common printheads 







8:2 


OxFFFF (100%) 


0x1111 (25%) 


7:3 


OxFFFF (100%) 


0x5551 (43.7%) 


6:4 


OxFFFF (100%) 


0xFlF2(68.7%) 


5:5 


OxFFFF (100%) 


OxFFFF (100%) 



If both printhead ICs are the same (e.g. a 5:5 printhead) it may be desirable to reduce the data rate to 
both printhead ICs, to reduce the read bandwidth from the DRAM. 
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32.4 DOT GENERATE AND TRANSMIT ORDER 

Several printhead types and arrangements exists (see Section 35 Memjet Printfaead) . The PHI is capable of 
driving all possible configurations, but for the puiposes of simplicity only one airangement (arrangement 0 
- see Section 35 Memjet Printhead) is described in the foUowing examples. 



OotTmnsmit 
Order ~ 



Q o o o - 



■ o o o 



O O Q Q- 



OOP 



■a-9 OfS n-l 



Type 0 printhead IC 




O O O ' 

ni+4 



■ o o o o 



o o o - 



ID^l tOt^^ 



n-2 



■O O QO 



11^5 -y a-l 



Type 1 printhead IC 
Paper 



M - Midway point in dots 
N Number of dote In a fine 



Note: Paper passing under prfntheed 



5 Lines 



Peper 
Direction 



Figure 236. Printhead structure and dot generate order 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The PHI accepts two 
streams of dot data from the LLU, one even stream the other odd. The PHI constructs the dot transmit 
order streams firom the dot generate order received from the LLU. Each stream of data has already been 
arranged in increasing or decreasing dot order sense by the DWU. The exact sense choice is dependent on 
the type of printhead ICs used to construct the printhead, but regardless of configuration ^e odd and even 
stream should be of opposing sense. 

The dot transmit order is shown in Figure 236. Dot data is shifted into the printhead in the direction of the 
arrow, so firom the diagram (taking the type 0 printhead IC) even dot data is transferred in increasing order 
to the mid point first (0» 2, 4, m-6, m-4, m-2), then odd dot data in decreasing order is transferred (m-l » 
m-3, m-5,...., 5, 3, 1). For the type 1 printhead IC the order is reversed, with odd dots in increasing order 
transmitted first, followed by even dot data in decreasing order. Note for any given color the odd and even 
dot data transferred to the printhead ICs are from different dot lines, in the example in the diagram they are 
separated by 5 dot lines. Table 160 shows the transmit dot order for some common A4 printheads. Differ- 
ent type printheads may have the sense reversed and may have an odd before even transmit order or vice 
versa. 



Table 160. Example printhead ICs, and dot data transmit order for A4 (13824 dots) page 









Type 0 Printttead IC 


8 


11160 


0^.4,8 ^574.5576,5578 


5579,5577,5575 7.5,3,1 


7 


9744 


0^.4.8 4866,4868.4870 


4871 ,4869.4867 7,5.3. 1 


6 


8328 


0,2,4.8 4158.4160,4162 


4163.4161.4159 7,5,3.1 


5 


6912 


0,2.4.8 3450.3452.3454 


3455.3453.3451 7,5.3.1 


4 


5496 


0.2,4.8 .2742.2744,2746 


2847.2845,2843 7,5.3,1 


3 


4080 


0.2.4.8 ,2034.2036.2038 


2039.2037.2035 7.5.3,1 
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Table 1 60. Example prfnthead iCs, and dot data transmit Older for A4 (13824 dots) page 



I 2664 I 0.2,4,8 1326,1328.1330 



Type 1 Prlnthead IC 


8 


11160 


13823,13821.13819 1337.1335.1333 


1332.1334,1336: 13818.13820.13822 


7 


9744 


13823.13821,13819 2045^2043,2041 


2040.2042,2044 13818.13820.13822 


6 


8328 


13823.13821.13819 2853.2851.2849 


2848,2850.2852 13818.13820.13822 


5 


6912 


13823,13821,13819 3461.3459.3457 


3456.3458.3460 13818,13820.13822 


4 


5496 


13823.13821,13819 4169.4167,4165 


4164.4166.4168 13818.13820.13822 


3 


4080 


13823.13821.13819 4877.4875,4873 


4872.4874.4876 1 381 8, 1 3820. 1 3822 


2 


2564 


13823.13821.13819 5585.5583,5581 


5560.5582.5584 13818.13820,13822 



32.4.1 Dual Printhead JC 

Generate dot order {from the LLU) 



Odd Dot stream 




6912 dock cydes 

Mid 

Pbint 



Transmit dot order(to the printhead) 



Printhead Channel A 
Printhead Chcmnel B 



4872 dodc cycles 



»}4UdockcVdes 



Even dots from Line Y 
Odd dots from Une V-5 



9744 ckKk cycles 



Example: Une with 13824 dots, with 7:3 printhead 
Figure 237. Dot data generated and transmitted order 



The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of dots in increasing or decreasing order. A dot generator can be configured to produce odd or even 
dot data streams, and the dot sense is also configurable. In Figure 237 the odd dot generator is configured 
to produce odd dot data in decreasing order and the even dot generator produces dot data in increasing 
order. 

In order to reconstruct the dot data streams from the generate order to the transmit order, the connection 
between the generators and transmitters needs to be switched at the mid point. At line start the odd dot 
generator feeds the type 1 prin^ead, and the even dot generator feeds the type 0 printhead. This continues 
until both printheads have received half the number of dots they require (defined as the mid point). The 
mid point is calculated from the configured printhead size registers (PrintHeadSize), Once both printheads 
have reached the mid point, the PHI switches the connections between the dot generators and the print- 
head» so now the odd dot generator feeds the type 0 printhead and the even dot generator feeds the type 1 
printhead. This continues until the end of the line. 
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It is possible that both printheads will not be the same size and as a result one dot generator may reach the 
mid point before the other. In such cases the quicker dot generator is stalled until both dot generators reach 
the mid point, the connections are switched and both dot generators are restarted. 

Note that in the example shown in Figure 237 the dot generators could generate an A4 line of data in 6912 
cycles, but because of the mismatch in the printhead IC sizes the transmit time takes 9744 cycles. 

I 32.4.2 Single printhead IC 

In some cases only one printhead IC may be connected to the PHI. In Figure 238 the dot generate and 
I transmit order is shown for a single IC printhead of 9744 dots width. While the example shows the print- 

head IC connected to channel A, cither channel could be used. The LLU generates odd and even dot 
streams as normal, it has no knowledge of the physical printhead configuration. The PHI is configured 
I with the printhead size {PrintHeadSize[lJ register) for channel B set to zero and channel A is set to 9744, 

Generate dot order (from the LLU) 
Odd Dot stream 



Even CX>t stream 



Transmit dot order(to the printhead) 



Printhead Channel B 











< 









< 


4S72CI0CK cycles 




4872 clocK cycles ^ 






9744 dock cycles 


► 



Wm Even dots from Une Y 

Odd dots trom Une Example: Une with 9744 dots, with 7=0 printhead 

Figure 238. Dot data generated and transmitted order (single printhead case) 

Note that in the example shown in Figure 238 the dot generators could generate an 7 inch line of data in 
4872 cycles, but because the printhead is using one IC, the transmit time takes 9744 cycles, the same speed 
as an A4 line with a 7:3 printhead. 

32.4.3 Summary of generate and transmit order requirements 

In order to support all the possible printhead arrangements, the PHI (in conjuction with the LLU/DWU) 
must be capable of re-ordering the bits according to the following criteria: 

• Be able to output the even or odd plane first 

• Be able to output even and odd planes independently 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 
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32.5 Print sequence 

The PHI is responsible for accepting dot data streams from the LLU, restructuring the dot data sequence 
and transferring the dot data to each printhead within a line time (i.e before the next line sync). 

Before a page can be printed the printhead ICs must be initialized The exact initialization sequence is con- 
figuration dependent, but will involve the fire pattern generation initialization and other optional steps. The 
initialization sequence is implemented in software. 

Once the first line of data has been transferred to the printhead, the PHI will interrupt the CPU by asserting 
the phi_icu_prini_rdy signal. The interrupt can be optionally masked in the ICU and the CPU can poll the 
signal via the PCU or ttie ICU. The CPU must wait for a print ready signal in all printing SoPECs before 
starting printing. 

Once the CPU in the PrintMaster SoPEC is satisfied that printing should start, it triggers the LineSync- 
Master SoPEC by writing to the FrintStart register of all printing SoPECs. The transition of the PrintStart 
register in the UneSyncMaster SoPEC will trigger the start of Isynci pulse generation. The PrintMaster 
and UneSyncMaster SoPEC are not necessarily the same device, but often are die same. For a more in 
depth definition see section 123 Multi-SoPEC systems on page 104. 

Writing to the PrintStart register generates a pulse which is used to generate the line sync in the LineSyn- 
cMaster wiiich is in turn used to align all SoPECs in a multi-SoPEC system. All printhead signaling is 
aligned to the line sync. The PrintStart is only used to align the first line sync in a page. 

When a SoPEC receives a line sync pulse it means tiiat the line previously transferred to the printhead is 
now printing, so the PHI can begin to transfer the next line of data to the printhead. When the transfer is 
complete the PHI will wait for the next line sync pulse before repeating the cycle. If a line sync arrives 
before a complete line is transferred to the printhead (i.e. a buffer error) the PHI generates a buffer imder- 
run interrupt, and halts the blodc 

For each line in a page the PHI must transfer a ftill line of data to the printhead before the next line sync is 
generated or received. 

32.5.1 Sync pulse control 

If the PHI is configured as the UneSyncMaster SoPEC it will start generating line sync signals LsyncPre 
number of phidk cycles after PrintStart register rising transition is detected. Ail other signals in the PHI 
inter&ce are referenced from the falling edge of phi^lsyncl signaL 

If the SoPEC is in line sync slave mode it will receive a line sync pulse from the LineSyncMaster SoPEC 
through ih&pkijisynel pin >^ich will be programmed into input mode. The phijsyncl input pin is treated 
as an asynchronous input and is passed through a de-glitch circuit of programmable de-glitch duration 
(LsyncDe^litchCnty 

Th&phijsynel will remain low for LsyncLow cycles, and then high for LsyncHigh cycles. The phijsyncl 
profile is repeated until the page is complete. The period of the phijsyncl is given by LsyncLow + Lsyn- 
cHigh cycles. Note tfiat the LsyncPre value is only used to vary the time between the generation of the first 
phijsyncl and the PageStart indication firom the CPU. Sec Figure 239 for reference diagram. 

If the SoPEC device is in line sync slave mode, the LsyncMinPeriod register specifies the minimum 
allowed phijsyncl period. Any phijsyncl pulses received before the LsyncMinPeriod has expired will 
trigger a buffer underrun error. 

32.5.2 Shift register signal contiol 

Once the PHI receives the line sync pulse, the sequence of data transfer to the printhead begins. All PHI 
control signals are specified firom the falling edge of the line sync. 
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The phi_srclk (and consequently phijph^data) is controlled by the SrclkPre, SrclkPost registers. The 
SrclkPre specifies the number of phiclk cycles to wait before beginning to transfer data to the printhead. 
Once data transfer has started, the profile of the phi^srclk is controlled by PrintHeadRate register and the 
status of the PHI input FIFO. For example it is possible that the input FIFO could empty and no data 
would be transferred to the printhead while the PHI was waiting. After all the data for a printhead is trans- 
ferred to the PHI, it counts SrclkPost number of phiclk cycles. If a new phijsyncl falling edge arrives 
before the count is complete the PHI will generate a buffer undermn interrupt (phijcu^underrun). 



32.5.3 Firing sequonce signal control 

The profile of the phijrclk pulses per line is determined by 4 registers FrctkPre^ FrclkLow, FrclkHigh, 
FrclkNum. The FrclkPre register specifies the number of cycles between line sync felling edge and the 
phijrclk pulse high. It remains hi^ for FrclkHigh cycles and then low for F^clkLow cycles. The number 
of pulses generated per line is deteraiined by FrclkNum register. 

The phi^rqfile pin is specified in a similar manner by the FrqfilePre, ProfileLow^ ProfileHigh, ProfileNum 
registers. 

The phijrclk period and the phi_j>rofile period should be programmed the same, so FrclkHigh + FrclkLow 
should equal the ProfileHigh + PrvfileLow, and the number of cycles for each in a line time should also be 
equal i.e. FrclkNum » PrcfiieNum, 

The total number of cycles required to complete a firing sequence should be less than the phijsyncl period 
i.e, {(ProfileHigh + ProfileLow) * ProfileNum)+ ProfilePre < {LsyncLow + LsyncHigh). 
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Figure 239. Printhead interface timing parameters 



Figure 239 details the timing parameters controlling the PHI. All timing parameters are measured in num- 
ber of phiclk cycles. 



32.5.4 Page complete 

The PHI counts the number of lines processed through the interface. The line count is initialised to the 
PageLenLine and decrements each time a line is processed. When the line count is zero it pulses the 
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phijcu^agejinish signal. A pulse on the phi Jcu_pagejinish automatically resets the PHI Go register, 
and can optionally cause an interrupt to the CPU. Should the page tenninate abnonnally, i.e. a buffer 
underrun, the Go register will be reset and an intemipt generated. 

32.5.5 Line sync interrupt 

The PHI will generate an intenupt to the CPU after a predefined number of Une syncs have occured. The 
number of line syncs to count is configured by the LineSyncIntermpt register. The intenupt can be dis- 
abled by setting the register to zero. 

32.6 Dot line margin 

The PHI block allows the generation of maxigins either side of the received page firom die LLU block. This 
allows the page width used within PEP blocks to differ fitom the physical printhead size. 

This allows SoPEC to store data for a page minus the margins, resulting in less storage requirements in the 
shared DRAM and reduced memory bandwidth requirements. The difference between the dot data line 
size and the line length generated by the PHI is the dot line matgin length. There are two margins specified 
* for any sheet, a margin per prindiead IC side. 

The margin value is set by programming the DotMargin register per printhead IC. It should be noted that 
the DotMargin register represents half the width of the actual margin (either left or right margin depending 
on paper flow direction). For example, if the margin in dots is I inch (1600 dots), then DotMargin should 
be set to 800. The reason for this is that the PHI only supports nuirgin creation cases 1 and 3 described 
below. 
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See example in Figure 240. 
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Figure 240. Pnnthead timing with margining 



In the example the mai^gin for the type 0 printhead IC is set at 100 dots iDotAfaF^n=lOO), implying an 
actual maxigin of 200 dots. 

If case one is used the PHI takes a total of 9744 phi^srclk cycles to load the dot data into the type 0 print- 
head. It also requires 9744 dots of data from the LLU which in turn gets read from the DRAM. In this case 
the first 100 and last 1 00 dots wo\ild be zero but are processed though the SoPEC system consiiming mem- 
ory and DRAM bandwidth at each step. 

In case 2 the LLU no longer generates the margin dots, the PHI generates the zeroed out dots for the mar- 
gining. The phijsrclk still needs to toggle 9744 times per line, although the LLU only needs to generate 
9544 dots giving the reduction in DRAM storage and associated bandwidth. The case 2 senaiio is not sup- 
ported by the PHI because the same effect can be supported by means of case 1 and case 3. 

If case 3 is used the benefits of case 2 are achieved, but the phijsrclk no longer needs to toggle the full 
9744 clock cycles. The phi_^rclk cycles count can be reduced by the margin amoimt (in this case 9744- 
100=9644 dots), and due to the reduction m phijsrclk cycles the phijsyncl period could also be reduced, 
increasing the line processing rate and consequently increasing print speed. Case 3 works by shifting the 
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odd (or even) dots of a maigin from line Y to become the even (or odd) dots of the margin Y-4, (Y-5 
adjusted due to being printed one line later). This works for all lines with the exception of the first line 
where there has been no previous line to generate the zeroed out margin. This situation is handled by add- 
ing the line reset sequence to the printhead initialization procedure, and is repeated between pages of a 
document See section 32.8.3 on page 512. 

32J Dot counter 

For each color the PHI keeps a dot usage count for each of the color planes (called AccumDotCount), If a 
dot is used in particular color plane the corresponding counter is incremented. Each counter is 3 2 bits wide 
and saturates if not reset. A write to the DotCountSnap register causes the AccumDotCount[M] values to 
be transferred to the DotCountfN] registers (where N is 5 to 0, one per color). The AccumDotCount regis- 
ters are cleared on value transfer. 

The DotCount[N] registers can be written to or read from by the CPU at any time. On reset the counters 
are reset to zero. 

The dot counter only count dots that are passed from the LLU through ther PHI to the printhead. Any dots 
generated by direct CPU control of the PHI pins will not be counted. 

32,8 CPU lO CONTROL 

The PHI interface provides a mechanism for the CPU to direcdy control the PHI interface pins, allowing 
the CPU to access the bi-lithic printhead: 

• Determine printhead temperature 

• Test for and determine dead nozzles for each printhead IC 

• Printhead IC initialization 

• Printhead pre-heat function 

The CPU can gain direct control of the printhead interface connections by setting the PrintHeadCpuCtrl 
register to one. Once enabled the printh^ bits are driven directly by the PrintHeadCpuOut control regis- 
ter, where the values in the register are reflected directly on the printhead pins and the status of the print- 
head input pins can be read directly from the PrintHeadCpuIn. The direction of pins is controlled by 
programming PrintHeadCpuDir register. The register to pin mapping is as follows: 



Table 161, CPU control and status registers mapping to printhead Interface 









PrintHeadCpuOut 


1.-0 


phi_ph^<lata_olOI[l .O] 




3:2 


phrj)h_data_o[1 111:0] 




4 


phLlsynd_o 




5 


phLreadI 




7:6 


phLsrdkflrO] 




8 


phLfrdk 




9 


phi ^profile 
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Table 161. CPU control and status registers mapping to printhead Interface 





Wft 




PrintHeadCpuDir 


1:0 


phij}hj(fata_e(0H1:O] direction control. 
1 * output mode 
0 - input mode 




3:2 


phl_ph_data^eI1 1(1:01 direction control 
1 - output mode 
0 - input mode 




4 


phLlsynd.e direction control 
1 • output mode 
0 * input mode 


PrintHeadCpufn 


IK) 


phi_ph_dat£L,i[01[1:0j 




3:2 


phf_ph_dataj[t]11.*0} 




4 


phl_lsyncij 



It is important to note that once in PrintHeadCpuCtrl mode it is the responsibility of the CPU to drive the 
printhead coirectly and not create situations where the printhead could be destroyed such as activating all 
nozzles together. 

Note the following procedures are based on current printhead capabilities, and are subject to change. 

32.8.t Dead nozzle information capture 

The CPU (via the direct printhead control mechanism) has the capability of testing each of the nozzles in 
the printhead and dctennining which nozzles are dead, the resultant dead nozzle information is processed 
by the CPU to generate the dead nozzle table used by the DNC. 

32.8.1.1 Nozzle test proeedure 

The no^e test software must first initialize the fire pattern generator for each printhead IC as normal, then 
it must initialize the fire pattem register as normal. The fire pattern generator parameters must be chosen 
so as to create a fire pattem where only one nozzle is firing at a time« 

For example if the printhead is constructed with a 7:3 configuration where the left printhead is 7 inches 
and flie right 3 inches. The fire pattem length is equal to the nimiber of dots in a half line (NLEN=n- 
1, where n - 9744 / 2 = 4872). the COUNT=l and B=0, The fire generator in the printhead needs to be ini- 
tialized with NLEN=4871, COUNT»l, B=0. See Section 32.8.4 for exact details on how to program die 
fire pattem generator. 

Once the generator is setup the nozzle test software puts the printhead into FIRE_GEN mode and the fire 
pattern is loaded into the fire shift registers. 

The next step is to load the dot data shift registers with a test pattem. Any test pattem could be used it 
should be chosen so as to allow only one color to fire at a time. Once the printhead shift registers are ini- 
tialized the software can begin the nozzle test sequence. 

The printhead is put in FIRE.GEN mode which resets the test circuit, both phi^rclk and phijrclk are held 
iiiactive. After a pre-determined tune the printhead is put in TEST_MODE where the nozzle is tested. 

The test software toggles phi^rvfile output pin and then san^les the test result on the phi^k_data pin. 
The test software then generates one phijrclk pulse to advance the fire pattem and repeats the profile 
pulse and test result capture as before. This procedure is repeated for all dots in the half dot line. Once the 
test result for a particular dot line is complete the whole procedure is repeated 1 2 times once for each half 
dot line. 
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The dead nozzle software collates all the nozzles test results and produces the dead nozzle table for use by 
theDNC. 
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Figure 241. Nozzle Test Modes & Setup 



32.8^ Temperature capture 

Occasionally the CPU will need to sample the printhead temperature and possibly adjust the firing profile 
based on ^e result 

To capture the printhead temperature, the printhead must be put into T£ST_MODE, and the 
phi_ph_dataj pin input mode. The CPU will toggle the phijrclk and then san^le the phi ^h^dataj to 
capture the temperature data. The cycle is repeated N times, and the N bits of data are used to generate the 
printhead teii^}erature value. The temperature capture waveform is shown in Figure 242. 

The exact number of bits required (i.e. N) and the temperature value generation mechanism is currently 
undefined 
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Figure 242. Temperature Capture Waveform 
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32.8.3 Printhead initialization procedure 

In order to use the printhead for the first time the CPU must download parametere for controlling the fire 
pattern generator. The download is perfonned by entering the FIRE^INIT mode and data is transferred 
^ugh the phi^h^datafJ:OJfOJ pins (one pin per printhead IC) and clocked into the printhead on the ris- 
ing edge of phi Jrclh In total 29 clock cycles are requured to transfer the full set of parameters. 



Table 162. Parameters for Fire Pattern Initialization 





0^ 




NLEN 


14 


Fire pattern length. Values defines the length of the fire pat- 
tern. NLEN=N-1 where N is the pattern length. 


COUNT 


14 


Defines the remaining number of dock cydes required to 
generate the Rre Pattern. Is given by COUNITs {1^/2) Mod 
N -1 where is the dot length of longer printhead or 
COUNTS (1^ . -{(Lb /2) mod N)) Mod N -1 tor the shorter 
printhead 


B 


1 


Select shift register inversion bit. 



Once the generator is initialized the fire pattern and select pattern need to be created and shifted into their 
respective shift registers. The printheads are put into FrRE_GEN mode and the phijrclk is toggled 
times, where is the length of the longer printhead in dots. As phijrclk is a common signal for both 
printheads it means that if the prindiead ICs are of different length one prindiead IC will get clocked too 
many times hy phi Jrclk. The fire pattern generator internal in each printhead IC takes account of this. See 
Section 32.8.4 Fire pattern generator. 

If dot line margining is to be used the dot data registers in the margining region in the printhead IC need to 
be initialized to zero before any line is printed. See section 32.6 on page 507 for a full explanation of dot 
line margin setup. The CPU does this by entering NORMAL_MODE and fiUs the dot data shift register 
with zeros. This is perfomied by clocking the phi^srclk to each printhead dot margin times for the each 
printhead IC. As phijrclk is not common to both printhead ICs the number of clock cycles can be differed 
to each printhead IC. 

Once the printhead initialization is complete control of the printhead can be released to the PHI to allow 
printing to begin. 

32.8.4 Fire pattern generator 

The fire pattcm generator is logic within each printhead IC used to generate the fire pattern and the select 
shift pattern. The fire pattern generator must be initialized by the SoPEC device before a page can be 
printed The SoPEC uses the CPU direct lO control of the printhead pins to download the initialization 
parameters and generate the initialization sequence. 
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32.9 Implementation 

32.9.1 Definitions of I/O 



Table 163. Printhead Interface I/O definition 









Clocks and Resets 


pdk 




In 


System Clock 


phtcJk 




In 


Printhead Interface dock (ctoc/A/3) used to transfer data from pdk to 
docfAr domains 


dodk 




In 


Data out dock (2x pcfflO used to transfer data to printhead 


prst_n 




In 


System reset, synchronous active tow. Synchronous to pdk 


phir6t_n 




In 


System reset, synchronous active low. Synchronous to phidk 


dorst^n 




In 


System reset, synchronous acth/e tow. Synchronous to dodk 


General 


phulcu_pfint_r(Jy 




Out 


Indicates that the first line of data Is transferred to the printhead 

Active high. 


phl__lcu_page_finish 




Out 


Indicates that data for a complete page has transferred. Active high 


phijcu^undemjn 




Out 


Indicates the PHI has detected a t>uffer undermn. Active high 


phi_icujinesync_lnt 




Out 


Indicates the PHI has detected UneSynetnterrupt number of tine 
syncs. 


Debug 


debua-data_out[2:0] 


3 


fn 


Output detjug data to be najxed on to the PHI pins 


debug_cntri02:O] 


3 


In 


Control signal tor each PHI bound debug data line indk:ating 
whether or not the debug data should be selected by the pin mux 


LLU Interface 


llu_phl_daia(l:0][5:01 


2x6 


Out 


Dot Data from LLU to the PHI, each bit Is a cok>r plane 5 downto 0. 
Bus 0 - Even dot data stream 
Bus 1 ' Odd dot data stream 

Data is active when oorresporMIIng bit is active in /lu _phi_avaiJ bus 


phUIu_readyI1.-0j 


2 


In 


Indicates that PHI is ready to accept data from the LLU 

0 • Cven dot data stream 

1 - Odd dot data stream 


(tu_phLavai([1:0] 


2 


Out 


Indicates valid data present on corresponding //u j^Ldata. 

0 - Even dot data stream 

1 * Odd dot data stream 


Printhead Interface 


phi_ph.dala J{1 :0](1 :0] 


2x2 


In 


Dot data Input from printhead. 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phi jph_clata_o(1 :0](1 :0] 


2x2 


Out 


Dot data output to printhead. Each bus to each printhead contains 2 
bits of data 

Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phi^h_data_e(1 :0][t :0J 


2x2 


Out 


Dot data direction control. Pin is driving when high 
Bus 0 • Printhead channel A 
Bus 1 - Printhead channel B 


phi_srcfkf1:0) 


2 


Out 


Dot data shift dock used to dock In printhead data 
Bus 0 - Printhead channel A 
Bus 1 • Printhead channel B 
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Table 163. Printhead Interface VO definition 







phLreadI 


1 


Out 


Common printhead mode control. Used In conjunction with 
phUsyndXo determine tfie printhead mode 

0 - SoPEC receiving, printhead driving 

1 • SoPEC driving, printhead receiving 


phLfrdk 


1 


Out 


Common Rro pattern clock needs to toggle once per fire cyde 


pWj>rofiIe 


1 


Out 


Common pulse profile for all cotors 


phi_lsynd_o 


1 


Out 


Capture dot data for next print line, output mode 


phijsynd^e 


t 


In 


P^Lteync/ output enaijie. when high phL^yndpln is driving 


phijsynd^l 


1 


In 


Line Sync Pulse from Master SoPEC 


PCU Interface 


pcu^hi.sel 


t 


In 

i 


Block select from the PCU. When pcu_j)hLs3ll^ high both pcu^adr 
and pocdafaotrt are valW. 


pcu_iwn 


1 


Cn 


Common read/not-write signal from the PCU. 


pcu_adr[7;2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this btock. 


pcu_dataoiit(31:0] 


32 


In 


Shared write data bus from the PCU. 


phi_pcu_rdy 


1 


Out 1 


Ready signal to the PCU. When />hi_pcu_tdy ls high it tndk^ates the 
last cyde of the access. For a write cyde this means pojudataout 
has been registered by the block and for a read cycle this means 
the data on phi _pcu_data is valid. 


phl_pcu_data(31 :0j 


32 


Out 


Read data bus to the PCU. 
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32.9.2 PHI sub-block partition 




PHI 

Controller 





last Rne 




4- 


line St 


— ^ 


4- 


_jwne err 





Sync 
Generator 



cfstxjg.onti«— 



z z. 



f ^. 



CPU lO Control 



Master 
SoPEC 



1 



1 



i 



BMithfc Printhead 



J pdk domain (160 Mhz) ji j dodk domain <320 Mhr) j phidk domain (106 Mhz) 

Figure 243. PHI block partition 



32.9.3 Configuration registers 
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The configuration registers in the PHI are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the PHI 
Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads and 
wntes. the lower 2 bits of the PCU address bus are not required to decode the address space for the PHI 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bitfs) 
of phijfcujtata. Table 164 lists the configtiration registers in the PHI 



Table 164. PHI registers description 









control Reg 


Isters 


0x00 


Reset 


1 


0x1 


Actfve low synchronous reset, self de-activatirig. A 
write to this register wfO cause a PHI Week reset 


0x04 


Go 


1 


0x0 


Active high bit indicating the PHI is programmed 
and ready to use, A low to h'tgh transitton will cause 
PHI bfock internal state to reset. Will be automati- 
caily reset if a page finish or a buffer undemin Is 

detected. 


General Con 


tml 


0x08 


PsageLenUne 


32 


0x0000 
_0000 


Specifies the number of dot lines in a page. 


OxOc 


PrintStart 


1 


0x0 


A low to high transition triggers proitlng to start 
Only active in Master Mode 


0x10-0x14 


DotMargIn 


2x16 


0x0000 


Specifies far each printhead IC, the widih of the 
ma/gin in dots divided by 2. 

0 - Printhead fC Channel A 

1 - Printhead IC Channel B 


0xie-0x2C 


DotCount[5:0] 


6x32 


0x0000 
.0000 


Indicates the number of Dots used Ibr a particular 
color, where N specifies a color from 0 to 5. Value 
valid after a write access to DotCotmtSnap 


0x30 


DofCountSnap 


1 


0x0 


wme access causes the AccumDotCountwBS\}es to 
be transferred to the OofCotinr registers. The 
AcGumDotCountM reset afterwards. 


0x34 


PhiHeadSwap 


1 


0x0 


Controls which signals are connected to printhead 
channels A and B 

0 - Normal, speofies bit 0 is channel A, bftl Is 
channel B 

1 - Swapped, specifies bit 0 ts channel B. bit 1 is 
channel A. 


0x36 


PhiMode 


1 


0x0 


liKflcates whether the PHI is operating in master or 
slave mode 

0 - Slave Mode 

1 - Master Mode 


Ox3C-Ox40 


PhiSerialOrder 


2x1 


0x0 


Specifies the serialization order of dots before 

transfer to the printhead. 

Bus 0 • Printhead Channel A 

Bus 1 - Printhead Channel B 

A 0 indicates order ABC, while 1 indicates C6A 
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Table 164. PHI registers description 







^^^^^ 




0x44-0x48 


PrintHeadSize 


2x16 


0x0000 


Specifies the number of non-margin dots in the 

printhead ICs. if margining ts to be used then the 

configured PrintHeadSize should be adjusted by the 

dot margin value i.e. PrintHeadSize » [PhysicaS- 

PrintHeadSize - {DotMargin * 2)). 

Bus 0 - Specifies printhead on Channel A 

Bus 1 - Specifies printhead on Channel B 


CPU Direct PHI Control (See Table 161.) 


0x4C 


PrintHeedCpuIn 


5 


0X00 


PHI interface pins input status. Only active in direct 
CPU mode 


0x50 


PrintHeadCpuDir 


5 


0x00 


PHI interfiace pins direction control. Only active in 
direct CPU mode 


0xS4 


PrlntHeadCpuOut 


10 


0x000 


PHI intertace pins output control. Only active In 
direct CPU mode 


0x58 


PrIntHeadOpuCtn . 


1 


0x0 


Control direct access CPU access to the PHI pins 

0 - Normal Mode 

1 - Direct CPU Control nwde 


Line Sync Cc 


tntror 


OxSC 


LsyncLow 


16 


0x0000 


Number of pNdk cycles p/iLlsyncf should remain 
low, - 


0x60 


LsyncHigh 


16 


0x0000 


Number of p/ircf/r cycles p/tLlsyncT should remain 
high. 


0x64 


LsyncPre 


16 


0x0000 


Number of phidk cycles between PrintStart rising 
tiansition and the generated p/]L/s>7tof falling edge 


0x68 


l-syncMinPeriod 


24 


0x00.0 
000 


Minimum number of p/i/cfflr cycles between Lsync 
pulses. Lsync pulses of a shorter period will tse 
rejected. Only used In slave mode. 


0x60 


LsyncDeglHchCnt 


4 


0x3 


Number of phidk cycles to filter the Incoming Lsync 
pulse from the master. Only used in slave nxxje. 


0x70 


UneSyndnterrupt 


16 


0x0000 


Number of line syncs to occur t>efbre generating an 
Intemjpt. When set to zero interrupt Is disatsled. 


Shut Register Control 


0x74 


SrdkPre 


14 


0x0000 


Number of p/i/c^Ac cycles between p/i/lteync/ failing 
edge and phLsrdk pulse generation, or printhead 
data transfer 


0x78 


Srcll(Po$t 


14 


0x0000 


Number of pNdk cycles allowed margin from last 
sncffrpufse in a l^e to before next line sync 


0x70-0x80 


PrintHeadRate(1.*0] 


2x16 


OxFFFF 


Specifies the active to inactive ratio of phLsrdk fox 
the printhead ICs. A 1 indicates Acth#e. 
Bus 0 - Printhead 10 channel A 
Bus 1 - Printhead IC channel B 


0x84 


DotOrderMode 


1 


0x0 


Specifies the dot transmit order to the printhead 
Channel A. Printhead Channel B is always the 
opposing order. 

0 - Even before Odd dots 

1 - Odd before Even dots 


Hre Control 


0x88 


ProfilePre 


14 


0x0000 


Number of pNctk cycles phLlsynd failing edge and 
phLpronte pulse generation 
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Table 164. PHJ registers description 





















OxSC 


PfolfJeLow 


14 


0x0000 


Number of p/r/c/Zf cycles pN^rofile should remain 
low. 


0x90 


PfofileHJgh 


14 


0x0000 


Number o1 phidk cydBs phi^profife should remain 
high. 


0x94 


PiofileNum 


16 


0x0000 


Number of profile pulses per line time. 


0x96 


FrdkPre 


14 


0x0000 


Number of phictk cycles pN^tsynd falling edge and 
p/iLi5ro0r pulse generation 


0x9C 


FrdkLow 


14 


0x0000 


Number of p/i/cffc cycles pNJhrcfk should remain 
low. 


OxAO 


PrdkHigh 


14 


0x0000 


Number of p/i/cTIr cycles p/iLM^'^ should remain 
high. 


0xA4 


FrdkNum 


16 


0X0000 


Number of pNjMk pulses per line time. 


Worfcing Registers 


OxAS-OxAC 


UneOotCnt 


2x16 


0x0000 


Indicates the number of dot processed In the cur* 
rent line 

Bus 0 - Printhead Channel A 
Bus 1 - Printhead Channel B 
(Read Only Registers) 


OxBO 


UneCnt 


32 


0x0000 
_0000 


indicates the number of lines processed in this page 
(Read Only Register) 



The configuration registers in the PHI block are clocked at pclk rates but several blocks in the PHI are 
clocked by different and asynchronous clocks. Configuration values are not re-synchronized, it is therefore 
important that the Go register be set to zero while updating configuration values. This prevents logic from 
entering unknown states due to metastable clock domain transfers. 

Some registers can be written to at any time such as the direct CPU control registers (PrintHeadCpuIn, 
FrifuHeadCpuDir, PrintHeadCpuOut and PrintHeadCpuCtrl), the Go register and the PrintStart register. 
All registers can be read from at any time. 

When one of the direct CPU control registers are written to the configuration registers block generates a 2 
cycle pulse (cpu^io_wr) which is used to transfer the pin control signals from the pclk domain to the phiclk 
domain. The cpuj[o^wr signal is a delayed version of the write enable from the CPU, 



32.9.4 Dot counter 



The dot counter keeps a ninning count of the number of dots fired for each color plane. The counters arc 
32 bits wide and will saturate. When the CPU wants to read the dot coimt for a particular color plane it 
must write to the DotCountSnap register. This causes all 6 running counter values to be transferred to the 
DotCount registers in the configuration registers block. The running counter values arc reset * 
// reset if being snapped 
if (ciot_cnt_snap 1) then{ 

dot_covint [5:0) b accuin_dot_count t5 :03 

accuxn_dot_countl5:0] = 0 

) 

// update the counts 

for <color=0; color < 6; color* ♦) { 

if (accuin_dot_count Icolor] != Oxffff_ffff> { 
// data valid, first dot stream 

data_valid = ( (phi_llu_ready [0] == 1> AND (llu_phi_avail ( 0 ] X)) 
if <(data_valid == 1) Ktm (llu_j)hi_data[0) [color] == 1)) then 
accunv^dot^countCcolor] +♦ 
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// data valid, second dot stream 

data^valid = ( (phi.llu^ready [IJ «d i) AND (llu^hi^avail [1) == 1) ) 
if ((data.valld == 1) AND (llu_phi.data(l] (color] == 1)) then 
accuiiL.dot_countCcolor] ♦+ 

} 



32.9.5 Sync generator 



The sync generator logic has two modes of operation, master and slave mode. In master mode (configured 
by the PhiMode register) it generates the Isyncl^o output based on configured values and control triggers 
from the PHI controller. In slave mode it de*glitches the incoming IsynclJ signal, and filters the Isyncl sig- 
nal with the minimum configured period. 



Beset Ofl oh* 90 pma*«^^ 



N» 

Reset V 



flync en"! ANP 
count «lsyncj)f« 



avnc en— Q 



MacWne ramains in same state by default 
All otjtputs are zero unless otherwise stated 
State Oescr^itioii: 



avnc m^l AND 



t$ynd^o-l 



COimt«i^ AMD last ^ ^mSS 



count ■ Isyncjow 
BnejBt»f 



11 



count ■ Isyncjow 
ln«jBt-1 



eourU-- 



Isvne pfjiae— 1 
count- 
Bnajtf 



SiSf^ SyncLow ^ layncco-o ^^ ^yncP^riod^ 



Reset 

SyncPre: 

SyncLow: 

SyncHIgh: 

SyntiWait: 
SyncPeriod: 



Norma! reset state 

Count the LsyncPra number of dock cycles 

Count the LsyncLow number of dock 
cydes 

Count the Ls/ndiigh number of dock 
cydes 

Walt for an input Isync pulse 

Count the LsyncMinperiod numtwr of dock 
cydas 



count - lsync_Ngh 



count- 



count • laync_rnin..pariod 



Kync_err-» 



lsyncl.o-1 



lb Reset Stats 



0Qunt«=Q AND la« gm> ^1 



Figure 244. Sync generator state diagram 



After reset or a pulse oxi phi_go_pulse the machine returns to the Reset state, regardless of what state it's 
currently in. 

The state machine waits until it's enabled {sync_en=\) by the PHI controller state machine. When 
enabled it can proceed to the SyncPre or SyncWait depending on whether the stale machine is configured 
in master or slave mode. In master mode it generates the Isyncl pulses, in slave mode it receives and filters 
the Isyncl pulses from the master sync generator. 

On transition to the SyncPre state a counter is loaded with the LsyncPre value, and while in the SyncPre 
the counter is decremented. When the count is zero the machine proceeds to the SyncLow state pulsing the 
line^st signal on transition and loading the counter with LsyncLow value. This indicates to the PHI con- 
troller the line start aligned to the Isyncl negative edge. 
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The machine waits in the SyncLow state until the counter has decremented to zero. It proceeds to the Syn- 
cHigh state and counts LsyncHigh number of cycles. While in LsyncLow state the lsyncl_o output is set to 
0 and in SyncHigh the isyncl^o output is set to 1 . 

When the count is zero and the current line is not the last {lastjine = 0), the machine returns to the Syn- 
cLow state to begin generating a new line sync pulse. The transition pulses the line_^t signal to the PHI 
controller. 



=1), and the machine returns to the Reset 



The loop is repeated until the current line is the last (lastjline 
state to wait for the next page start 

In slave mode the state machine proceeds to the SyncWait state when enabled It waits in this state until a 
lsync_pulse is received from the input de-glitch circuit. When a pulse is detected the machine jumps to the 
SyncPenod state and begins counting down the LsyncMinPeriod number of clock cycles before returning 
to the SyncWait state. On transition from the SyncWait to the SyncPeriod state the line jst signal to the PHI 
controller is pulsed to indicate the line start. While in the SyncPeriod if a lsync_pulse is detected the 
state machine will signal a sync error (via sync^err) to the PHI controller and cause a buffer undemm 
interrupt. 



32.9.5.1 LsyncI input de^iitch 



The lsync_i input is considered an asynchronous input to the PHI, and is passed through a synchronizer to 
reduce the possibility of metastable stales occuiring before being passed to the de-gUtch logic. 

The input de-glitch logic rejects input states of duration less than the configured number of clock cycles 
ilsync_deglitch_cnt\ input states of greater duration are reflected on the output, and are negative edge 
detected to produce the Isync^lse signal to the main generator state machine. The counter logic is given 

if C lsync_i != lsync_i_delay) then 

cnt « l8ync_jdeglitcl>^cnt 

output.en s 0 
elsif (cnc as 0 I then 

cnt « cnt 

output_en = 1 
elee 

cnt — 

output_en = 0 



IsyncJ . 



synchonfzef 



IsyiKL-Ldelay 



Counter 
Logic 



isync.dagmch^cnt . 



cnt 

-7^ 



Compare 
? 



Pulse 
Generator 



_output_en 



lsync_pulse 



Figure 245. Line sync dd-gUtch RTL diagram 



32.9.5.2 Line Sync interrupt logic 



The line sync interrupt logic counts the number of line syncs that occur (either internally or externally gen- 
erated line syncs) and determines whether to generate an interrupt or not. The number of line syncs it 
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counts before an interrupt is generated is configured by the LineSyncInterrupt register. The interrupt is dis- 
abled if LineSyncInterrupt is set to zero. 
// Iznplement the interrupt counter 
i£ (phi^o^ulse ssl) then 

line^count = 0 
elsif <line.st « 1) AND (line_count == 0) > then 

line^count = linecount_int 
elsif ((line_st == 1) AND (line_count !*= 0)) then 

line.count — 
// determine when to pulse the interrupt 
if (linesync.int 0 ) then // interrupt disabled 

phi_icu_line3ync_int = 0; 
elsif ((line_st == 1) AND (line_count == 1)) then 

phi_icu_lineaync_int « 1 



The fire generator block creates the signal profile for the phijrclk and phi profile signals to the printhead. 
The profile is based on configured values and is timed in relation to the fire _sync pulse from the PHI con- 
troller block. 



The fire generator consists of 2 identical state machines for creating the phi Jrclk and phi^mfile signals 
respectively. 

The machine is reset to the Reset state when phi_zo j>ulse =1 or the reset is active, regardless of the cur- 
rent state. 

The machine waits in the reset state until it receives a fire^st pulse from the PHI controller. The controller 
will generate ^fire^t pulse at the beginning of each dot line. On the state transition the cycle counter is 
loaded with the FrclkPre value and the repeat counter is loaded with the FrclkNum value. 



32.9.6 Fire generator 




RreHigh: Count the FrdkHigh number of dock cydes 
RreLow: Count the f=irclkLow number of dock cydes 



Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset: Normal reset state 

RrePre: . Count the FrclkPre number of dock cycles. 




Figure 246. Fire generator state diagram 
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The state machine waits in the FirePre state until the cycle counter is zero, after which it jumps to the Fire- 
High state and loads the cycle counter with FrclkHigh value. Again the state machine waits until the count 
is zero and then proceeds to the FireLow state. On transition the cycle counter is loaded with the FireLow 
value. The state machine waits in the FtreLow state while the cycle counter is decremented. 

When the cycle counter reaches zero and the repeat jcount is non-zero, the repeat_count is decremented, 
the cycle counter is loaded with the FrclkHigh value and the state machine jumps to the FireHigh state to 
repeat the pAi^c/*^ generation cycle. The loop is repeated until the repeat^count is zero. In such cases the 
state machine goes to the reset state and waits for the next fire_st pulse. 

When in the Reset state iht fire^rdy signal is active to indicate to the controller that the fire generator is 
ready. 

32.9.7 PHI controller 

The PHI controller is responsible for controlling all fimctions of the PHI block on a hne by line basis. It 
controls and synchronizes the sync generator, the fixe generator, and datapath unit, as well as signalling 
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back to the CPU the PHI status. It also contains a line counter to determine when a full page has completed 
printing. 

Reset OR ohi no aul«fe«l 

\ 

— »^ Reset ^ 



c 



tfli 00=1 



FirstLine 



> 



glW gt«°1 AMD 



Ime.oount - 



^PrintstarT^ princrdy»i 



line eount<oa9e Ian lina 

Qfie_oount- 



SyncWait ^ 



syn^end 



dataL.stB 1 
fire.st B 1 
sync^sta 1 



LineTrans 



tfata fin— 1 ANf? 
Hne count ««t 
Kne_count- 



Hf>e St = 1 ANn yr 



syncjsnal 



^^^ndeiTun ^ underrufuenor "I 



fife rOy^X 



(LastUne) IasUllne«s1 



Figure 247. PHI controller state machine 

The PHI controller state machine is reset to Reset state by a reset or phi _go _puhe = 1 . 

It will remain in reset until the block is enabled by phi^o = 1 . Once enabled the state machine will jump 
to the FirstLine state, trigger the transfer of one line of data to the printhcad (data^st ~ 1) and the line 
counter will be initialized to the page length (PageUnLine). Once the line is transfenred (data Jin from the 
datapath unit) the machine will go to Printstan state and signal the CPU using an interrupt that the PHI is 
ready to begin printing (phijcu^frint^nfy). The line counter wiU also be decremented. It wiU then wait in 
the Printstart state until the CPU acknowledges the print ready signal and enables printing by writing to 
the PrintStart register. 

The state machine proceeds to the SyncJVait state and waits for a line start condition (line =1). The line 
start condition is different depending on whether the PHI is configured as being in a master or slave 
SoPEC (the PhiMode register). In either case the sync generator determines the correct line start source 
and signals the PHI controUer via the line^t signal. Once received the machine proceeds to the LineTrans 
state, with the transition triggering the fire generator to start ifire_st\ the datapath unit to start (data^st) 
and the sync generator to start (sync jst). 
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While in the LineTrans state the fire, sync and datapath unit will be producing line data. When finished 
processing a line the datapath unit will assert the line finished (Jiine Jin) signal. If the line counter is not 
equal to 1 (i.e. not the last line) the state machine will jump back to the SyncWait state and wait for the start 
condition for the next line. The line counter will be decremented. If the line counter is one then the 
machine will proceed to the LastLine state. 

The LastLine state generates one more line of fire pulses to print the last line held in the shift registers of 
the printhead. Once complete {fire Jin =1) the state machine returns to the reset state and waits for the 
next page of data. On page completion the state machine generates a phijcu ^age Jinish interrupt to sig- 
nal to the CPU that the page has completed, thephijcu^age Jinish will also cause the Go register to reset 
automatically. 

While the state machine is in the LineTrans state (or in FirstLine state and the PHI is in slave mode) and 
waiting for the datsqjath imit to complete line processing, it is possible (e.g. an excessive PEP stall) that a 
new line start condition occurs but the datapath unit is not ready. In this case an undemm error is gener- 
ated. The state machine goes to the Undemm state and generates a phijcu_underrun interrupt to the 
CPU. The PHI cannot recover trom a buffer undemm error, the CPU must reset the PEP blocks and re- 
start printing. The phijcu^underrun will also cause the Go register to reset automatically. 



32.9.8 CPU lO control 



The CPU lO control block is responsible for accepting CPU direct lO control signals from the configura- 
tion registers (atpclk frequency) and transferring them to pAic/^ frequency. It also accepts the input signals 
from the printhead and re-synchronizes them to the pc!k domain, and debug signals from the RDU and 
muxes them to output pins. 

Table 161 contains the direct mq>ping of configuration registers to printhead lO pins. Direct CPU control 
is enabled only when PrintHeadCpuCtrl is set to one. In normal operation (i,e. PrintHeadCpuCtrl = 0) 
the printhead data pins are always in output mode {phi_ph_datQ_e = 1)» the pkijsyncl will be in output if 
the SoPEC is the master, i.e. phi_lsyncl_je = phi^mode^ and readl will be set high. 

The pseudocode for &e CPU lO control is: 

If (prlnthea<t.cpu_ctrl «« 1} thm // CPU access enabled 
// outputs 

phi j)h_daCa.o [ 0 ] { 1 : 0] « printhead^cpU-OUt: { 1 ; O] 

phi_ph_data_o C 1 ] ( 1 : 0 j = pr inthead^cpU-.out: [3:2] 

phi_lsyncl_o o printhea<.cpu_out (4] 

phi_readl = printhead.cpu.out (5) 

phl_srclk(l:0] • printhead_cpu_out{7:6] 

phi^frclk «. print head_cpu_out (81 

phi_profilo = printhead_cpu_out C9) 
// direction control 

phi_ph_data_e[G} [1: 03 printhead_cpu_dir (1 : 0} 

phi_ph_data_e[l) CI: 0] = printheac3Lcpu__dir (3 :2) 

phi_lsyncl_e = printhead_cpu_dir [4) 
// input assignments 

printhead_cpu_inri : 0] synchronize<phi_ph_data_i tOHl 1 0] ) 

printhead_cpu_in[3:2] = synchronize (phi_ph_data_i tl) [1 :03 ) 

printhead_cpu_in (5) =» synchronize (phi„lsyncl_i {0] (1:03) 
else // normal connections 
// outputs 

phil_ph_data_o(Oj (1:01 = ph_data (01 ( 1 : 01 

phi_jph_data_o(ll (1:01 = ph_data (IH 1 i 01 

phi_lsyncl_o = lsync_o 

phi^readl = 1 

phi_srclk(l:0] « srclk{l:0] 

phi_frclk a frclk 

phi^rofile - profile 
// direction control 
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phi_ph_data_etO) [1:0] = 0x3 
phi_ph_data_e[l] [1:01 = 0x3 . 

phi_layncl.e = phi_;node // depends on Master or Slave mode 

// inputs 

lsyncl_i c phi_lsync_i // connected regardless 

// debug overrides any other connections 
if (debug_cntrl[0] 1) then 

phi_frclk s debug_data.out[0) 

phi^readl a pclk 

if (debug_cntrlC13 == 1) then 

phij>rofile = debug_data_out [ 1 1 

if (debug_cntrl[2] == 1) then 

phi_lsyncl_o = debug_data_out [2) 

phi_lflyncl_e = 1 

The debug signalling is controlled by the RDU block (see Section 11.8 Realtime Debug Unit (RDU)), the 
lO control in the PHI muxes debug data onto the PHI pins based on the control signals from the RDU.' 
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32.9.9 Datapath Unit 



do|_ontor_niodo 



pffinijie8dl_9i2e(0] 



prinUMadLrateCU 
doijnafg|n{i] 




print^head^efO] 
print_head^e(0) 



pMj»enal_onSei(0] 
pfvdadjBNHap 



> < pdk domain (160 Mhz) 



I I dodk domain (320 Mhz) i i pNdk domain (106 Mhz) 
Ff gure 248. Datapath Unit partition 
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i3 



32.9.10 Dot order controller 



< 



Reset 



c 



3 



dot_ord8r_#riy 



data st«=i 
dot_cnt__rst = 1 



UneStart 



3 



mod 6^68 1 a dot_order_mode 
gen^enro] a -(mW_pt(01) 
gea.en[l]--(mldjj3ll) 



mid ntf1<^)«nill 



Machine remains in same state tiy default 
Ail outputs are zero unless otherwise stated 

State Description: 

Reset Normal reset state 

Unestart: Start processing first part of the line, watt for 
both mid_pt to be active 

LineM id: Switch over wait state allow pipeline to dear 

UneEnd: Une end processing wait for both Dne^fin to be 
active 



^ UneMid ^ 



Una finfliS^ 



mode.sei » dotjorder^mode 
gen_enJOj ^ 0 
0en_en(l|sO 



UneEnd 



mode_$al » «(dot_ord8r.mode) 
1 gerL.en[01 « mid jitfoi 
^ ge(v_en[l]amM_jiqi] 



Figure 249. Dot Order controller state diagram 

The dot order contioller is responsible for controlling the dot order blocks. It monitors the status of each 
block and detennines the switch over point, at which the connections from odd and even dot streams to 
printhead channels are swapped. 

The machine is reset to the Reset state when phi^o^ulse — 1 or tiie reset is active. The machine will 
wait until it receives a data_st pulse from the PHI controller before proceeding to tiie LineStart state. On 
the transition to the LineStart state it will reset the dot counter in each dot order block via the dotjsntjrst 
signal. 

While in the LineStart state both dot order blocks are enabled (gen_en=l). The dot order blocks process 
data until each of them reach their mid point. The mid point of a line is defined by the configured printhead 
size (i.e. print^head^size). When a dot order block reaches the mid point it immediately stops processing 
and waits for the remaining dot order block. When both dot order blocks are at the mid point (jnid _pt «^ 
1 1 ) the controller clocks through the LineMid state to allow die pipeline to empty and inmiediately goes to 
LineEnd state. 

In the LineEnd state the mode^el is switched and the dot order blocks re-enabled, in this state the dot 
order blocks are reading data from the opposite LLU dot data stream as in LineStart state. The controller 
remains in the LineEnd state imtil both dot order blocks have processed a line i.e. line Jin =11. 

On completion of both blocks the controller returns to the Reset state and again awaits the next data^st 
pulse from the PHI controller. When in Reset state the machine signals the PHI controller that it's ready to 
begin processing dot data via the dot^order^rdy signal. 
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The dot order controller selects which dot streams should feed which piinthead channels. The order can be 
changed by configuring the DotOrderMode register. In all cases Channel A and Channel B must be in 
opposing dot order modes. Table 158 shows the possible modes of operation* 



Table 165. Mode selection In Dot order controlfer. 











A 


0 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printiiead, first half line. 




0 


1 


Odd before Even (OBE nnode), odd dot stream feeds 
Channel A printhead. first haif line. 




1 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead. second half line. 




1 


1 


Odd before Evan (OBE mode), odd dot stream feeds 
Channel A prtnthead. second half line. 


B 


0 


0 


Odd before Even (OBE nfx>de), odd dot stream feeds 
Channel B printhead, second half line 




0 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel B printhead, second half line. 




1 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel B printhead, first half line. 




1 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel 6 printhead, first half line. 



32,9.10. 1 Dot order unit 

The dot order control accepts dot data firom either dot stream from the LLU and writes the dot data into the 
dot buffer. It has two modes of operation, odd before even (OBE) and even before odd (EBO). In the OBE 
mode data from the odd stream dot data is accepted first then even, in EBO mode it*s vice versa. The mode 
is configurable by the DotOrderMode register. 

The dot order unit maintains a dot count that is decremented each time a new dot is received &om the 
LLU. The dot order controller resets the dot counter to the pnntJiead^sizefJ5:0J at the start of a new line 
via the dot_cnt_rst signal. The dot count is compared with the printhead size (prsnt_Jiead_fiizefJ5:0J 
divided by 2) to determine the mid point (piid_pi) and the line finish point (line^m) when the dot coimter 
is zero. 

The mid point is defined as the half the number of dots in a particular printhead, and is given by the 
print_head_size bus. 
// define the mid point 

if (dot_cnttl5:01 «» print_heac3L.sizetl5 :!} )then 

mid_pt = 1 
else 

mid_pt = 0 

The dot order unit logic maintains the dot data write pointer. Each time a new dot is written to the dot 
buffer the write pointer is incremented The fill level of the dot buffer is determined by comparing the read 
and write pointers. The fill level is used to determine when to backpressure the LLU {recufy signal) due to 
the dot buffer fUling. A suitable direshold value is determined to allow for the fijll LLU pipeline to empty 
into the dot buffer. 

The dot order stalling control is given by: 

// determine the ready/avoll signal to use, based on mode select 
if (mode.sel == 1> then 

detractive ^ llu_phi_avail [0] AND ready 

wr_data = llu_phi_data(01 
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else 

dot_actlve = llu_phi_avail [1] AND ready 

wr_€iata = llu_phi_datatl] 
// update the counters 
if (do tractive == 1} then ( 

wr_en = 1 

%nr_adr +♦ 

if (dot_cnt sss 0) then 
I dot_cnt = print__head_siz© 

else 

dot_cnt — 

) 

The dot writer needs to determine when to stall the LLU dot data stream. A number of factors could stall 
the dot stream in the LLU such as buffer filling, waiting for the mid point, waiting for die line finish or the 
dot order controller is waiting for the line start condition firom the PHI controller. 
The stall logic is given by: 

// determine when to stall the LLU generator 
fill_level ss wr_adr - rd^adr 

if (fill_level > (32 - THRESHOLD ))then // THRESHOLD is open value TBD 

ready =0 // buffer is Close to full 

els if ( gen^en 0) then 

ready = 0 // stalled hy the datapath controller 

else 

ready = 1 // everything good no stall 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



^ Nov 2002 
Page 529 



SoPEC : Hardware Design 



Machine remarns in same state by default 

ATI outputs are zero unfess otherwise stated 

State Description: 

Reset: Normal reset state 

SrdicPre: Count the SrclkPre nuntber of dock cydes 

OataGen: Read Une Dot data from buffer 

MarginGen: Generate DotMargln number of dots 

SrdkPost Wait for SrcOcPost number of cydes 




Figure 250. Data generator state diagram 

The data generator block reads data from the dot buffer and feeds dot data to the printhcad at a configured 
rate (set by the PrintheadRate). It also generates the margin zero data and aligns the dot data generation to 
the synchronization pulse from the PHI controller. 

The data generator controller waits in Reset state until it receives a line start pulse from the PHI controller 
{data^st signal). Once a start pulse is received it proceeds to the SrclkPre state loading a counter with the 
SrclkPre value. While in this state it decrements the counter. No data is read or output at this stage. When 
the count is zero the machine proceeds to the DataGen state. 

On transition it loads the counter with the printhead size {print Jiead jize). If maigining is to be used then 
the configured printjieadjsize should be adjusted by the dot margin value i.e. print Jtead _fize = 
(physical^riFaJieadjsize - (dot^margin * 2)). 

While in DataGen state data is read from the dot buffer and output to the printhead The counter will dec- 
rement for every dot data word transferred. The exact rate is dictated by the dot buffer fill levels and the 
configured printhead rate (PrintheadRate). 

The generator determines the rate by incrementing a rate counter (rate^cnt) while in the DataGen state. 
The rate counter is allowed to wrap normally. If the bit selected by the rate^cnt in the printjiead_rate bus 
is one data is transferred, otherwise the cycle is skipped. If the PrintHeadRate is set to all zeros then no 
data will ever get transferred. The pseudo-code for the DataGen state is given by: 
// increment the rate count 
rate_cnt ♦+ 

// determine if data should be read 



32,9.10.2Data generator 



Reset OR nhi ao ntiNa—i 



Reset ^ 



date Kt— 1 

count « trcfk.^jbad 



r Q SrclkPre J 



oount « prtntJieadjBiza 
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// first determine i£ data i& available in buffer 
if (rd^adr != wr_adr ) then 

if (print_hea^rate(rate_cnt) == 1 ) then 

dot_active = 1 

gate.srclk si 

rd^adr . • 

dot_data = rd_data 
count — 
else 

dot_active - 0 
gate^srclk » 0 

else 

dot^active « 0 
* gato_srclk o 0 

When the counter reaches zero the state machine will jump to the MarginCen state if the configured mar- 
gin vaiue is non-zero, otherwise it will jump directly to the SrclkPost state. On transition to MarginGen 
state it loads the cycle counter with the dot^margin value, and begins to count down. While in the Margin- 
Gen state the data generator logic block writes dot data to the printhead but does not read from the dot 
buffers. It creates zero dot data words for the maigin duration. 

When the counter reaches zero the machine jumps to the SrclkFost state, loads the clock coimter with the 
SrclkPost value and decrements. When the count is finished the state machine returns to the Reset and 
awaits the next start pulse. Should a line sync arrive before the data generators have completed [data Jin 
signal) the PHI controller will detect a print error and stall the PHI interface. 



32.9.10.3 Data serializer 



The data serializer block converts 6-bit dot data at phiclk rates (nominally 1 06 MHz) to 2-bit data at doclk 
rates (nominally 320 NOIz). 



phldk 



1 r 



1 



dodk 



dot_data(5:0} 



Invalid 



Be 



Va«d[5.-01 \ ValidI5.-01 X ''^^ t 



gate.srdk 
gate_srclk_de] 
srclk 



f 



J 



LrL_n_rLrL_n_r 

Figure 251. Data serializer timing 



The srclk is only active when data is available for transfer to the printhead, as enabled by the gate^srclk 
signal, The data rate mechanism in the data generator block will mean that data is not transferred to the 
printhead on every phiclk cycle. Both the dotjiata and gate^srclk signals arc clocked out by the phiclk and 
can only change on the rising of phiclk. 
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The data serializer block allows easy separation of clock gating and clock to logic stmctures from the rest 
of the PHI interface. All registers in the block are clocked at doclk rates. 



phead.swap • 

doLdata[0H5:01 < 

doLdataC1][5:0] - 



phtdk 1 

ptiL.S6ri&C0Rf6r ■ I 

phe8d_8W8p- 
gate.srdkfl] - 
<5oclk 



Mux Logic 



dot.date|1:0] 



dot^dataI3:21 ^ 



ctet_<latar5:4> . 



gate_sfdk del 



-> ph.data(l.-OI 



r 



Gate 



osrdk 



Figure 252. Data serializer RTL Oiagram 

The mux logic determines which data bits from the dot^data bus should be selected for output on the 
phjiata to the printhead. The selection is dependent on the phiclk edge, 
if (phiclk == 1) then 

inux_8el - 1 
elsif ( mi]x_6el == 2 ) Chen 

miu^sel = 0 
else 

imix^sel-*-* 

The dot data serialization order can be configured by PhiSerialOrder register. If the PhiSerUdOrder is zero 
the order is dot[l:OJ, then dot[3:2] then dot[5:4]. If the register is one then the order is dot[5:4J, dot[l :2], 
dot[l:0]. 
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33 Test Units 



33.1 JTAG INTERFACE 



A standard JTAG (Joint Test Action Group) Interface is included in SoPEC for Bonding and lO testing 
purposes. The JTAG port will provide accws to all internal BIST (Built In Self Test) structures. 



33.2 Scan Test I/O 



The SoPEC device will require several test lO's for running scan tests. In general scan in and scan out pins 
will be multiplexed with functional pins. 



33.3 . Analog Test Units 



33.3.1 USB PHY Testing 



The USB phy analog macro, wUl contain built-in in test structure, which can be access by either the CPU 
or through the JTAG port 

33.3 J! Embedded PLL Testing 

The embedded clock generator PLL will require test access from JTAG port. 
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34 SoPEC Pinning and Package 



34,1 Overview 

It is intended that the SoPEC package be a 100 pin LQFP. Any spare pins in the package may be used by 
increasing the number of available GPIO pins or adding extra power and ground pin. The pin list shows the 
minimum pin requirement for the SoPEC device. 



Table 166. SoPEC Pin Ust 









MM 






Clodcs and reset 


9 




xtalin 


1 


1 


TBO 


N/A 


xtalin 


Crysta! Input pin 


xtakxjt 


1 


o 


TBD 


WA 


xtalout 


vryowi ouipiH pin 




1 




LVI rL 


2.5V 


reset_n 




Prtftlhead fntBrfa< 


:e 








p»>_data(0]IO] 


2 


o 


LVDS 


3.3v 


phUpK-daia.otOHO] 


Dot data tor colors 0-2 tor Printtiead 0. 
Using differential signalling 






1 


LVTTL 




phl_ph.daia_|01 


Input mode bit used for nozzle test 
result printhead 0 


ptiL.data[0][1] 


2 


o 


LVDS 


3.3v 


phijih_<lataL.o[CJHlJ 


Dot data for colors 3-5 for Prvithead 0. 
Using differential s^naUIng 






1 


LVTTL 


3.3v 


phlj)h_<tataj[1] 


Input mode bit used for temperature 
data printhead 0 


ph.data[1K0J 


2 


o 


LVDS 


3.3v 


phLplU«teta_o(11[0] 


Dot data lor cotors 0-2 for Prinmead 1. 
Using differential signaHtng 






i 


LVTTL 


3.3V 


phlj)h_data«l[1] 


Input mode t>it used for nozde test 
result printtiead 1 


ph^datattRi] 


2 


o 


LVDS 


3.3v 


pW_ph-daia_o(1](1) 


Dot data tor cotots 3-5 for Printhead 1. 
Using differential s^nailing 






1 


Lvm. 


3-3V 


phLp^.data_?1J 


Input mods t>lt used for temperature 
data printhead 1 


srdk(0] 


2 


o 


tVDS 


3,3v 


phLjBrclk[01 


Difierantial dot data shift dock for prim 
headO 


6rclk(1) 


2 


o 


LVDS 


3.3v 


phUsTcmciJ 


Diftefential dot data shift clock for print 
headi 


roadi 


1 


o 


LVTTL 


3.3v 


pfiLreadl 


Common Print head mode control 


frdk 


1 


o 


Lvm. 


3-3v 


phljfTBliC 


Common Fire pattern shift cfock, needs 
to toggle once per fire cycle 


proflte 


1 


0 


LVTTL 


3.3v 


phl_proftle 


Common Pulse profile for all oofors 


Isynd 


1 


o 


LVTTL 


3.3v 


pW_isynd_o 


Une Sync output from Master to Slaves 






1 


LVTTL 


a.3v 


phLlsyndJ 


Une Sync input to Slaves from Master 


USB Connections 






usbd 


2 


I/O 


Differerv 
tial 


3.3v 


Direct Phy Connectkjn 


USB difforantial data 


JTAQ 




ttfo 


1 


o 


CMOS 


2,5V 


tdo 


JTAG Test data out port 


tms 


1 


1 


CMOS 


2.5v 


tms 


STAG Test mode select 


tdl 


1 


t 


CMOS 


2.5v 


ttS 


JTAG Test data in port 


ick 


1 


1 


CMOS 


2.5v 


tck 


JTAG Test access port ctock 


General Purpose lO 
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Table 166. SoPEC Pin List 





■mm 


m 


mm 


mm 








4 


o 


CMOS 


2.5v 


gp)o,o(3K>) 


ivtwiwf ujiuroi puis / genoiai purpose 
Output 


1 


CMOS 


2Sv 






0pjo[7:4I 


4 


o 


Drive 
CMOS 


2.5V 


Opio_opf:4l 


ucu oiirer pvis / genoftti purpose Out- 
put 


1 


CMOS 


2.5V 


9ptoJr7:4J 


General purpose Input 


Opk}(113] 


4 


0 


Open col- 
lector 


2^v 


gplo.o[11:81 


LSS interboe pins / geneiat purpose 
Output 


1 


CMOS 


2^v 


BPk>J[ll:81 


LSS Inteffece pjns / general purpose 
Input 


Opto[13:12) 


2 


o 


CMOS 


2.5V 


gplo,o(13:12) 


ISI Interfeoe pins / general purpose 
Output 


1 


CMOS 


2.5v 


flpJoJI13:121 


ISI intertaca pins / general purpose 


Test Pins 










test.enable 


1 


1 


CMOS 


2.5v 


TBD 


Test Enable 


Oeneric_t8st 


5 


WD 


CMOS 


2.5v 


TBD 


Generic test pin. function undefined 


Total Signal 
Pins 


45 
















Power Pins 








gnd 


18 


1 


Power 


N/A 


and 


grxi 


vdd 


10 


1 


Power 


N/A 


vdd 


vdd i.5v. core voltago 


vdd250 


3 


1 


Power 


N/A 


vdd250 


vdd 2.5V.IO voltage 




5 


1 


Power 


N/A 


vdd330 


vdd3.3v.lOvonage 


Total mna 


81 
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Memjet Printhead 



S5 
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35 Memjet Printhead 

This section is quoted verbatim from SoPEC/MoPEC Bilithic Printhead Reference document [10]. 

35.1 Background 

Silverbrook*s bilithic Memjet™ phntheads are the target printheads for printing systems which will be 
controlled by SoPEC and MoPEC devices. 



This document presents the format and structure of these printheads, and describes the their possible 
airangements in the target systems. It also defines a set of terms used to differentiate between the types of 
printheads and the systems which use them. 



35.2 Companion Documents 

Currently, this document is only concerned with the structure of the printheads and their systems, with 
regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [2] for the complete description of the functionality of these 
devices. 

This document relies on certain definitions and details presented in Bilithic Printhead Specification [2]. 



35.3 Oernitions 

This document presents terminology and definitions used to describe the bilithic printhead systems. These 
terms and definitions are as follows: 

• Printhead Type - There are 3 parameters which define the type of printhead- used in a system; 

• Direction of the data fiow through the printhead (clockwise or anti-clockwise, with the printhead 

shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to V^ y 

• Printhead footprint (type A or type B, characterized by the data pin being on the left or the right of 

Kf^ where K^. is at the top of the printhead). 

• Printhead Arrangement - Even though there are 8 printhead types, each arrangement has to use a spe- 

cific pairing of printheads, as discussed in Section 35.4. This gives 4 pairs of printheads. However, 
because the p^^er can flow in either direction with respect to die printheads, there are a total of eight 
possible arrangements, e.g. Arrangement 1 has a Type 0 printhead on the left with respect to the 
paper flow, and a Type 1 printhead on the right Arrangement 2 uses the same printhead pair as 
Arrangement 1 , but the paper flows in the opposite direction. 

• Color 0 is always the first color plane encoimtered by the paper. 

• Dot 0 is defined as the nozzle which can print a dot in the left-most side of the page. 

• . The Even Plane of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout this document, where the various printheads and systems are presented, the print- 
heads always shoot ink down onto the page. 



Figure 253 shows the 8 different possible printhead types. Type 0 is identical to the Right Printhead pre- 
sented in Figure 3 in [2], and Type 1 is the same as the Left Printhead as defined in [2]. 
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While theprintheads shown in Figure 253 look to be of equal width (having the same number of nozzles) it 
is important to remember that m a typical system, a pair of unequal sized printheads may be used. 
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-G-G- 



Color n 
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o o o 



Color n 
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Type 1 printhead 

v+ 



CX3 O 



Color n 



o o o 




Color n 



o o o 



o oo 



Type 2 printhead 
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C N O O 




Type 3 printhead 



Color n 



o o > o 



O Q — 



Type 4 printhead 



Type 5 printhead 



»o o o o o c 




Color a / / 
OO O o o g 1 


II goo o o*o 

y 1 Color n 
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Figure 253. Printhead Types 0 to 7 

Table 167 defines the printhead pairing and location of the each printhead type» with respect to the flow of 
paper, for the 8 possible arrangements 



Table 167. Definition of the different printhead arrangements 







^^^^^^^^^^^^^^^^^ 


Arrangement 1 


lypeO 


Type 1 


Arrangement 2 


Typel 


Type 0 


Arrangement 3 


Type 2 


Type 3 


Arrangement 4 


Type 3 


Type 2 


Anrangement 5 


Type 4 


Type 5 


Arrangement 6 


Types 


Type 4 


Anxingement 7 


Type 6 


Type? 


Arrangement 8 


Type 7 


Types 
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35.4 BlUTHIC PRINTHEAD SYSTEMS 

When using the bilithic printheads, the position of the power/gnd bars coupled with the physical footprint 
of the printheads mean that we must use a specific pairing of printheads together for printing on the same 
side of an A4 (or wider) page. e.g. we must always use a Type 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of printheads, this docu- 
ment only presents two of them. Arrangement 1 and Arrangement 2, for purposes of illustration. These 
two arrangements are discussed in subsequent sections of this document. However, the other 6 possibilities 
also need to be considered 

The main difference between the two printhead arrangements discussed in this document is the direction 
of the paper flow Because of this, the dot data has to be loaded differently in Arrangement 1 compared to 
Arrangement 2, in order to render the page correctly. 



35.4.1 Example 1: Printhead Arrangement 1 

Figure 254 shows an Arrangement 1 printing setup, where the bilithic printheads are arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the p^er flow. 

• The Type 1 printhead is oh the right 
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S5 



Type 0 Printhead 



Type 1 Printhead 




Gnd 



The printheads are facing downwards. 
The ink is being shot down onto the page Direction 

^ ' of Paper Flow 



Rgure 254. Identification of printheads nozzfes and shift-register sequences for printheads in 

Arrangement 1 

Table 168 lists the order in which the dot data needs to be loaded into the above printhead system to 
ensure color 0-dot 0 appears on the left side of the printed page. 



Table 168. Order in which the even and odd dots are loaded for printhead Arrangement 1 











Odd 


Loaded second in 
descending order. 


Loaded first in 
descending order. 




Even 


Loaded first in 
ascendfng order. 


Loaded second in 
ascending order. 





Version: 2.3 



S3 Proprietary Document 



* Nov 2002 
Page 541 



4- 



SoPEC : Hardware Design 



Figure 255 shows how the dot data is demultiplexed within the printheads. 



Data[l]- 



Data(0]. 



Logic 





Type 0 Printhead TVpe 1 Printhead 




, ^ . C*«r5 JT\L Color J ^ 












— ^iAK^ 
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i — ^ft'gr ^« 




1 


a*Mi*t: sss* 
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Figure 255, Demultfplexing of data withfn the printheads fn Arrangement 1 

Figure 256 and Figure 257 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 1 , to ensure that color 0-dot 0 appears on the left side of the printed page. 
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Figure 256. Signalling for a Type 0 printhead in Arrangement 1 




Data[0] ^>@(P^^c4^^a^ 
Data(l] 

SrClk TJTJXTTJTJTJTJTJT^^ 



Rgure 257. Signalling for a Type 1 printhead in Arrangement 1 



35.4.2 Example 2: Printhead Arrangement 2 

Figure 258 shows an Arrangement 2 printing setup, where the bilithic printheads are arranged as follows: 

• The Type I printhead is on the left with respect to the direction of the paper flow. 

• The Type 0 printhead is on the right. 
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The printheads are facing downwards. 
The ink is being shot down onto the page. 
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Figure 258* Identtftcation of printheads nozzles and shift-register sequences for printheads in 

Arrangement 2 

Table 169 lists the order in which the dot data needs to be loaded into the above printhead system, to 
ensure color 0-dot 0 appears on the left side of the printed page. 

Table 169. Order in which the even and odd dots are loaded for printhead Arrangement 2 









Odd 


Loaded first In 
descending order. 


Loaded second in 
descending order. 


Even 


Loaded second In 
ascending order 


Loaded first in 
ascending order. 
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Figure 259 shows how the dot data is demultiplexed within the printheads. 
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Figure 259. Demultiplexing of data within the printheads in Arrangement 2 

Figure 260 and Figure 261 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 2« to ensure that color 0-dot 0 appears on the left side of the printed page. 
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Figure 260. Signalling for a Type 0 printhead in Arrangement 2 
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Figure 261. Signalling for a Type 1 printhead in Arrangement 2 

35.4.3 , Conclusions 

Comparing the signalling diagrams for Arrangement 1 with those shown for Airangement 2, it can be seen 
that the color/dot sequence output for a printhead type in Airangement 1 is the reverse of the sequence for 
same printhead in Arrangement 2 in terms of the order in which the color plane data is output, as well as 
whether even or odd data is output first. However, the order within a color plane remains the same, i.e. odd 
descending, even ascending. 

From Figure 262 and Table 170, it can be seen that the plane wtdch has to be loaded first (i.e. even or odd) 
depends on the arrangement. Also, the order in which the dots have to be loaded (e.g. even ascending or 
descending etc.) is dependent on the arrangement 
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If the device controlling the printheads can re-order the bits according to the following criteria, then it 
should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first. 

• Be able to output even and odd planes in either ascending or descending order, independently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 
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Figure 262. All 8 Printhead Arrangements 



Table 170. Oixler in which even and odd dots and planes are loaded into the various printhead 
arrangements 









Arrangement 1 


Even ascending loaded first 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 2 


Odd descending loaded first 
Even ascending loaded second 


Even ascendtr>g loaded first 
Odd descending loaded second 
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Table 170. Order in wMch even and odd dots and planes are loaded Into the various printliead 
arrangements 









Arrangement 3 


Odd ascending loaded first 
Even descending toaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 4 


Even descending toaded first 
Odd ascending loaded second 


Odd ascending loaded first . 
Even descending loaded second 


Anangement 5 


Odd ascending loaded first 
Even descending loaded second 


Even descending loaded first 
Odd ascending loaded second 


Arrangement 6 


Even descending loaded first 
Odd ascending loaded second 


Odd ascending loaded first 
Even descending loaded second 


Arrangement 7 


Even ascending loaded fitst 
Odd descending loaded second 


Odd descending loaded first 
Even ascending loaded second 


Arrangement 8 


Odd descending loaded first 
Even ascending loaded second 


Even ascending toaded first 
Odd descending loaded second 
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